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Abstract 
 
All nanomaterials exhibit large surface to volume ratio in common and their surfaces have 
great influence with physicochemical properties of them. Therefore, surface engineering of 
nanomaterials is key to the utilization of unique nanomaterials properties and flexible strategies 
for deign of advanced materials. In this respect, catechol based nanocoating have been 
significantly attracted for application of nanocrystals and functionalization of substrates because 
of its adaptability to universal surface and high affinity in harsh condition. This dissertation 
demonstrates fabrication and characterization of nanocoating through amine mediated redox 
modulation of catechol. Synthetic mechanism of the nanocoating was suggested and surface 
engineering of metal oxide nanoparticles by the coating method have been studied. In addition, 
compact, biocompatible, and charge modulated iron oxide nanoparticles were synthesized and 
its bio-application was reported. 
First, conformal nanocoatings to nanostructured materials was achieved through amine-
mediated redox control of a catechol system by separating catechol and amine, which 
effectively suppress cohesion and enhance a adhesion to yield an optimized nanocoating. The 
amine-assisted catechol nanocoating exhibits roughness of <0.358 nm and thickness of 1.69 nm 
on flat substrates; the hydrodynamic diameter of coated iron oxide nanoparticles is less than 20 
nm. Surface characterization, density functional theory calculations, and effect of separated 
amine were investigated to elucidate the coating mechanism. Three key roles of separated 
amine in the catechol-based nanocoating were suggested as follows, adhesion promotion, 
suppression of polymerization, and additional stabilization through an in-situ generated, newly 
designed catechol-amine adduct. 
Second, multidentate catechol based polyethylene glycol random copolymer ligands was 
synthesized by reverse addition and fragmentation transfer polymerization. Compact, 
biocompatible and colloidal stable iron oxide nanoparticles have been synthesized by the 
ligands via the amine assisted catechol nanocoating method and applied into in vivo magnetic 
resonance contrast agents. High resolution magnetic resonance angiography with long 
circulation time was reported. 
Finally, charge modulated metal oxide nanoparticles were synthesized by surface engineering 
with multidentate catechol based polymeric ligands. The charged iron oxide nanoparticles 
exhibit different behavior in vitro cell experiments and gene delivery into cell by positive 
charged nanoparticles was demonstrated. 
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Figure 1.1. (a) Calculated atomic illustration of oleic acid passivated PbS nanoparticles. (b) 
Configuration of oleic acid molecules on the PbS(001) surface. The figure is reproduced with 
permission from ref. 1, AAAS. 
Figure 1.2. Representative design of ligands for biocompatible nanoparticles. (a) Various anchor 
group, (b) Hydrophilic group for water solubility and non-specific binding properties, (c) Functional 
group for conjugation reaction, and (d) biomolecule conjugation for bioapplication. The figure is 
reproduced with permission from ref. 2, Nature Publishing Group. 
Figure 1.3. Encapsulation of nanoparticles using (a) phospholipid derivatives, (b) glycocluster 
amphiphile, and (c) octyl amine modified poly acrylic acid. Panel a reproduced from ref. 3, AAAS, 
Panel b reproduced from ref. 4, American Chemical Society, Panel c reproduced from ref 5, American 
Chemical Society. 
Figure 1.4. Synthetic illustration of silica coating on (a) citrate capped nanoparticles and (b) PVP 
stabilized nanoparticles, Synthetic scheme of (c) mesoporous silica coated nanoparticles and (d) 
silanization through reverse microemulsion method. Panel a-c reproduced from ref. 6, Wiley-VCH. 
Panel d reproduced from ref. 8, American Chemical Society. 
Figure 1.5. Monodentate molecules with affinity towards (a) the noble metal nanoparticles and 
quantum dots, (b) metal oxide nanoparticles. PEG tethered bidentate ligands with various terminal 
functional group. Panel a reproduced from ref. 9, The Royal Society Publishing. Panel b reproduced 
from ref. 10, The Royal Society of Chemistry. Panel c reproduced from ref. 11, American Chemical 
Society. 
Figure 1.6. Synthetic scheme of (a) reverse addition fragmentation transfer mediated synthesized 
multidentate imidazole-based random copolymer, (b) multidentate lipoic acid block copolymer, and (c) 
multidentate DOPA-based polymer. Panel a reproduced from ref. 12, American Chemical Society. 
Panel b reproduced from ref. 13, The Royal Society of Chemistry. Panel c reproduced from ref. 14, 
Wiley-VCH. 
Figure 1.7. (a) Photograph of mussel foot protein of M. edulis. (b) Scheme of the bio-distribution of 
Mfp. (c) Amino sequence of Mfp-3 and Mfp-5. (d) Illustration of Mfp-5 and (e and f) its amino 
sequence. (g) Molecular structure of dopamine. (h) Mechanism of polydopamine coating. Panel a-c 
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reproduced from ref. 24, National Academy of Sciences. Panel d-h reproduced from ref. 25, AAAS. 
Figure 1.8. (a) Structure of cyclic trichrysobactin. (b) Mechanism of mica modification through 
amine functional catechol. Panel a reproduced from ref. 27, AAAS. Panel b reproduced from ref. 28, 
Wiley-VCH. 
Figure 1.9. (a) Key amino acid in Mfp-3s and its synthetic analogue copolymer. (b) Charge of Mfp 
mimetic zwitterion catecholic molecule. Panel a reproduced from ref. 29, American Chemical Society. 
Panel b reproduced from ref. 30, Nature Publishing Group. 
Figure 1.10. (a) I. Schematic illustration of the assembly of tannic acid and iron ion on a various 
substrates. II. Tannic acid assembly (green) on protein loaded CaCO3 (red) particles. (b) I. poly phenol 
rich grape, cacao, and green tea. II. Molecular structures of polyphenol derivatives from nature. III. 
Polyphenol coatings. IV. Colorless polyphenol coating on glass with red wine. AgNO3 treatment for 
visualization of coating layer (right). Panel a reproduced from ref. 31, AAAS. Panel b reproduced 
from ref. 19, Wiley-VCH. 
Figure 1.11. Mechanism of reduction by cysteine rich Mfp-6. The DOPA adsorb directly on rock 
surface and the oxidized DOPA are reduced by thiol of cysteine. The adhesion of DOPA is recovered 
and the cohesion of oxidized DOPA are suppressed. Adapted from ref. 32 with permission from 
Nature Publishing Group. 
Figure 2.1. (a) Rhombohedral primitive unit cell of Fe3O4. (b) Inverse spinel structure of Fe3O4. (c) 
Side view of the slab model with (001) surface of Fe3O4, which is a (1 × 2) supercell extended from a 
(√𝟐 × √𝟐)𝐑𝟒𝟓° unit cell. The fixed bottom layer in the slab model is colored orange, and VFe 
indicates the tetrahedral Fe3+ sites that were removed to eliminate the z-directional dipole effect of the 
surface. (d) Top view of (001) surface showing only the top layer. (e) Molecular structures of 4-tert-
butylbenzo-1,2-quinone (left) and AEE molecule (right). Carbon atoms in the benzene group are 
numbered in the clockwise direction. 
Figure 2.2. (a) Schematic illustration of catechol coating on metal oxide surface with only TBC 
(above) and with addition of AEE (below). (b) AFM images of TBC-only coating (TBC 0.5 mmol/ml, 
pH 10) and (c) mixture of TBC and AEE coating (TBC 0.5 mmol/ml, TBC:AEE = 1:20) after 24 h of 
coating. (b) Thicknesses of TBC and TBC-AEE films versus time. The TBC film was analyzed by 
alpha-step, and the TBC-AEE film was measured by AFM. XPS C 1s spectra of (e) TBC-only on 
sapphire and (f) TBC-AEE. (g) Carbon K-edge X-ray absorption fine structure spectra of TBC (black) 
and TBC-AEE (red) coated on sapphire wafers. The data were collected in PEY mode with an 
incident angle of the linearly polarized X-ray beam of 55°. 
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Figure 2.3. Optical microscopy images for different coating incubation times. TBC coating on 
sapphire wafer without AEE (pH 10) for (a) 30 min, (b) 3 h, (c) 6 h, (d) 12 h, and (e) 24 h and with 
AEE for (f) 24 h. 
Figure 2.4. XPS N 1s spectra of (a) TBC-only and (b) TBC with AEE on sapphire wafers. 
Figure 2.5. (a) Differences in contact angle in the presence of various types of AA (AEE, octylamine, 
dodecylamine, and oleylamine). (b) Schematic of sapphire substrate modified by TBC and AA. (c) 
Static water contact angles of TBC coatings on sapphire wafer according to the type of AA. 
Figure 2.6. Effects of diamine as AA. AFM images of TBC-coated film on sapphire wafer (1 × 1 μm2) 
with molar ratios of AEE to HMDA of (a) 20:0, (b) 1:1, and (c) 0:20. (d) Average RMS values of the 
TBC-coated films (N=10). 
Figure 2.7. AACN applied to polydopamine (PDA) coating (2 mg/ml in Tris buffer, pH 8.5). (a) 
Photograph of PDA coating solutions depending on the presence of AEE after 24 h of incubation. (b) 
Photograph of washed PDA-coated sapphire wafer. One is dark brown (without AEE) and the other is 
colorless (with AEE). (c, d) OM images of PDA-coated substrates depending on the presence of AEE. 
(e) Morphology, roughness, and thickness of PDA-coated film with AEE on a sapphire wafer 
determined by AFM. 
Figure 2.8. (a) Schematic illustration of catechol coating on metal oxide NPs. Photograph of (b) 
aggregated IONPs after coating with only OEGC and (c) dispersed IONPs in MeOH after AACN with 
OEGC. (d) DLS data of AACN IONPs with OEGC and OEGC-only coated IONPs, 1H NMR spectra 
of (e) AH, (f) OEGC, and (g) OEGC and AH mixture with oxidant (NaIO4). 1H HR-MAS NMR 
spectra of (h) OEGC and AH-coated IONPs, (i) OEGC-coated IONPs, and (j) oleic-acid-coated 
IONPs at 6 kHz MAS rate. 
Figure 2.9. Combined XPS (a) C 1s and (b) N 1s spectra of IONP@OEGC with AH and 
IONP@OEGC. Deconvolutions of (c, e) C 1s XPS spectra and (d, f) N 1s XPS spectra of 
IONP@OEGC/AH and IONP@OEGC.  
Figure 2.10. (a) Molecular structure of CP. (b) DLS data of CP-coated 12 nm Fe3O4 NPs in dry THF, 
THF+D.W, THF+TEA, and THF+AEE. (c) UV-Vis spectra of CP, oxidized CP, and filtrates of 
IONP@CP and IONP@CP + AEE with a photograph of filtrates after AACN on IONPs. (d) UV-Vis 
spectra for detection of Fe2+ dissolved from IONPs. The absorbance peak near 550 nm indicates that 
Fe2+ ions exist in the solution. 
Figure 2.11. XPS N 1s spectra of (a) IONP@CP and (b) IONP@CP with AEE. The peak at 399.5 eV 
in (a) is the N 1s of the amide bond of DMA from CP. In the case of coating with AEE in (b), a new 
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peak occurs at 401.2 eV along with the amide bond signal, which means that secondary amines exist 
on the surface of IONPs. 
Figure 2.12. FT-IR spectra of as-syn IONPs, CP, IONP@CP, and IONP@CP with AEE. Surfaces of 
IONPs after coating were also analyzed by FT-IR. 
Figure 2.13. (a) Photographs of CP-coated 12 nm Fe3O4 and Fe2O3 NPs in THF with water additives. 
Aggregation was detected only in Fe2O3 NP samples. (b) DLS data of CP coated on Fe2O3 NPs in 
THF with water, TEA, and AEE additives.  
Figure 2.14. (a) Adsorption forms of TBC and TBC-AEE on a tetrahedral Fe3+ site in bidentate 
chelating mode (left) and on octahedral Fe2+ and Fe3+ sites in bidentate bridging mode (right), where 
only the top of surface layer is shown. The insets indicate each adsorption mode, and subscripts (t) 
and (o) indicate tetrahedral Fe3+ and octahedral Fe2+ and Fe3+ TBC adsorption sites, respectively. (b) 
Adsorption energies of TBC and TBC-AEE on Fe3O4 (001) surface. The terms ‘C3,’ ‘C5,’ and ‘C6’ 
denote TBC-AEE(Cx) molecules on the Fe3O4 (001) surface where the AEE molecule is bound at C3, 
C5, and C6 sites, respectively. The colored dashed lines in the graph indicate average adsorption 
energies of TBC and TBC-AEE(Cx) molecules. 
Figure 2.15. (a) Relative energy profiles referenced to the total energy of Step 1. Step 1 to Step 4 
indicate the reaction process for the reduction of quinone to TBC with the aid of AEE. Note that Cx-
Oy (i.e., x = 3, 5, 6, y = 1, 2) indicates the reaction path where AEE is bound on the Cx site and Oy is 
preferentially reduced. (b) Schematic representation of the reaction procedure. O1 and O2 represent 
the preferentially reduced oxygen sites in the reaction. Inset shows the detailed reduction procedure of 
oxygen atoms in the case of C6-O1. 
Figure 2.16. Adsorbed forms of TBC and TBC-AEE on (a, c, e, g) a tetrahedral Fe3+ site in bidentate 
chelating mode and on (b, d, f, h) octahedral Fe2+ and Fe3+ sites in bidentate bridging mode. ‘C3,’ ‘C5,’ 
and ‘C6’ denote TBC-AEE molecules on the Fe3O4 (001) surface where the AEE molecule is bound at 
the C3, C5, and C6 site, respectively. Subscripts (t) and (o) indicate tetrahedral Fe3+ and octahedral 
Fe2+ and Fe3+ adsorption sites for TBC, respectively. 
Figure 2.17. (a) Proposed mechanism for the formation of a catechol coating with no AA. Catechol 
loses its adhesion properties due to oxidation. Catechol-Fe3+ coordination on the substrate and 
electron transfer between catechol and Fe3 (left) occur, but the catechol-Fe2+ coordination maintains 
its bonding. The reduced Fe2+ ion elutes from the surface to the solution, and the oxidized catechol 
moves to the nearby iron ion (middle). Additional oxidation of the semiquinone causes detachment of 
the ligand in quinone form (right). (b) Proposed mechanisms for the formation of AANC. In the 
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presence of AA, (i) the semiquinone can be recovered to a catechol-amine adduct by Michael addition 
of AA, and (ii) quinone can be recovered to a catechol-amine adduct. 
Figure 3.1. (a) Synthesis of MCP by RAFT polymerization, (b) Schematic illustration of AACN 
procedure with MCP and AEE on IONPs, and (c) a detailed mechanistic description of catecholic 
nanocoating with and without AA. 
Figure 3.2. (a) Tunable DP of MCP as a function of [Monomer] to [RAFT] ratio, (b) GPC traces of 
MCP at different [Monomer] to [RAFT] ratios in synthetic procedures. 
Figure 3.3. (a) Photograph of IONPs before (left), after MCP coating with AEE (middle), and without 
AA (right). (b) DLS data of IONP@MCP/AEE and IONP@MCP. 
Figure 3.4. TEM image of (a) oleic acid capped 3 nm sized IONPs, and (b) MCP coated 3 nm sized 
IONPs by assistance of AEE.  
Figure 3.5. (a) HD of IONP@MCP/AEE in various pH and salt concentration over time.  (b) Serum 
binding test through size exclusion chromatography. (c) Stability evaluation of IONP@MCP/AEE in 
various pH buffers and salt concentration.  
Figure 3.6. Stability measurement of MCP nanocoated (a) 8 nm and (b) 12 nm sized IONPs by DLS 
in the wide range of pH and salt concentration.   
Figure 3.7. Structural analysis of nanocoating layer on IONPs by FT-IR. FT-IR spectra of (a) 
IONP@Oleic acid, MCP, IONP@MCP, and IONP@MCP/AEE. Enlarged version of yellow boxes (b) 
region I, (c) region II, and (d) region III. 
Figure 3.8. MR in vivo angiograohy with dynamic time-resolved MR sequence (a) before injection of 
IONPs, (b) after injection of IONPs, and (c) 1 hour after injection of IONPs. 
Figure 4.1. Our strategy for in-depth understanding of interactions between NPs and mammalian cells 
depends on the NP surface charge, brought about by well-designed surface chemistry; and chemical 
information based surface imaging analysis, and the NPs gene transfection efficiency. 
Figure 4.2. RAFT polymerization reaction for synthesis of ligands. For ligands possessing different 
surface charges, the polymer synthesis was designed by using two monomers, one as the common 
anchor (dopamine) and the other as the distinguishable functional group (tertiary amine for positive, 
PEG for neutral, and sulfonic acid for negative surface). 
Figure 4.3. 1H NMR spectrum of (a) DOPA-Tertiary amine, (b) DOPA-mPEG, and (c) DOPA-
Sulfonic acid measured in MeOD. 
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Figure 4.4. Characterization of Fe3O4 NPs. (a) TEM images of Fe3O4 NPs before and after ligand 
exchange with DOPA-Tertiary amine (positive), DOPA-mPEG (neutral), and DOPA-Sulfonic acid 
(negative). (b) DLS and zeta-potential of Fe3O4 NPs with different surface ligands (positive, neutral, 
and negative) (c) Images of ligand exchanged MNPs dispersed in various aqueous solutions. Results 
showed that surface modified Fe3O4 NPs were stable in various pH values and 1 M NaCl solution. 
Figure 4.5. (A) DLS analysis to observe the stability of ligand exchanged MNPs in 1X PBS, DI water, 
buffer at pH ranging from 5 to 11 and in 1 M NaCl solution. 
Figure 4.6. (a) Oleic acid coated Fe3O4 NPs, (b) MNP@DOPA-Tertiary amine, (c) MNP@DOPA-
mPEG, (d) MNP@DOPA-Sulfonic acid. Images show the distribution of selected ligands in micro-
size pattern of Fe3O4 NPs. (mc = maximum counts in one pixel, scale bar = 50 μm). (e) Table of 
molecular weights, fragment ions and assigned ligands of ToF-SIMS secondary positive and negative 
ions obtained from ligand-conjugated Fe3O4 NPs. 
Figure 4.7. ToF-SIMS spectra of positive and negative ions related to Fe3O4 NPs and their ligands (a)-
(c). The first layer shows free ligand and second layer represents ligand-conjugated Fe3O4 NPs; (a) 
tertiary amine, (b) PEG, and (c) sulfonic acid. Iron-related ions of Fe3O4 NPs ([Fe]+ and [FeO2]) are 
indicated by blue diamonds and fragment ions of polymer ligands for tertiary amine, PEG, and 
sulfonic acid are indicated by orange diamonds. 
Figure 4.8. ToF-SIMS images of positive ions from PEG treated Fe3O4 NPs without an anchoring 
group. This image shows the distribution of Fe3O4 NPs- and PEG-related fragment ion in an area with 
micro-sized aggregations patterns. The spatial distribution of the [(OCH2CH2)2CH3]+ ion was not 
overlapped with the Fe+ distribution, indicating that the PEG ligands were not bound to the Fe3O4 NP 
surface. 
Figure 4.9. FT-IR images of (a) MNP@DOPA-Tertiary amine, (b) MNP@DOPA-mPEG, and (c) 
MNP@DOPA-Sulfonic acid. FT-IR images obtained from related peaks of ligand-conjugated Fe3O4 
NPs for anchoring group (ν(C=O)) and characteristic functional groups ((a) tertiary amine ligand 
(ν(CN)), (b) PEG ligand (νas(COC)), and (c) sulfonic acid ligand (ν(SO3))). ToF-SIMS images 
(d-f) show the [Fe2O]+ ion distributions from the same area that the FT-IR images were measured. 
(scale bar = 100 μm). (g) Assigned functional group of FT-IR vibrational modes of free ligands and 
ligand-conjugated NPs. 
Figure 4.10. FT-IR spectra of (a) positively charged Fe3O4 NPs, (b) neutral Fe3O4 NPs, and (c) 
negatively charged Fe3O4 NPs. The first layer shows free polymer ligands and the second layer 
represents (a) tertiary amine, (b) PEG, and (c) sulfonic acid-coated Fe3O4 NPs, respectively. 
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Figure 4.11. MR imaging and intracellular behavior of surface modified NPs. (a) T2 weighted MR 
image of MNP@DOPA-Tertiary amine at various concentrations of iron. (b) T2 weighted MR image 
of MNP@DOPA-Tertiary amine treated Jurkat cells. (c) Relaxivity of MNP@DOPA-Tertiary amine. 
(d) Cytotoxicity for each particle with different surface functional groups using MTT assay; 
cytotoxicity was investigated for MNP@DOPA-Tertiary amine, MNP@DOPA-mPEG, and 
MNP@DOPA-Sulfonic acid on MDA MB cell line after 24 h incubation. The results showed that 
none of these NPs induced significant toxicity on cells up to 75 µg/mL concentration. Each data point 
represents the mean ± S.D. of the three experiments. (e) Quantification of intracellular Fe 
concentration through ICP-MS after treatment of each particle revealed that MNP@DOPA-Tertiary 
amine was highly efficient for intracellular uptake, unlike MNP@DOPA-mPEG and MNP@DOPA-
Sulfonic acid. 
Figure 4.12. Bio-TEM images of MDA MB 231 cells in the absence (a) and presence of 
MNP@DOPA-Tertiary amine (b), MNP@DOPA-mPEG (c), and MNP@DOPA-Sulfonic acid (d). The 
presence of NPs can be clearly observed inside the cells due to the influence of the surface 
functionality, depending on the degree of cellular uptake. 
Figure 4.13. Quantification of intracellular Fe concentration through ICP-MS after treatment of each 
particle into the Jurkat cell line. 
Figure 4.14. Biological interactions of suspension type Jurkat cells with positively charged Fe3O4 NPs. 
(a) Bio-TEM images of Jurkat cell after treatment with MNP@DOPA-Tertiary amine at 10 µg/mL 
concentration. NPs were clearly found inside the cell. (b) Gene knockdown efficiency of 
MNP@DOPA-Tertiary amine for NOTCH1; NP-siRNA targeting NOTCH1 complex induced down 
regulation of target mRNA up to 75% measured by real-time PCR (n = 3). *vs control, P < 0.001. Our 
results showed a more efficient target gene knockdown of MNP@DOPA-Tertiary amine compared to 
commercial transfection agent without magnetic assistance. 
Figure 4.15. Cytotoxicity for positively charged Fe3O4 NPs in the Jurkat cell line, performed using 
CCK8 (cell counting kit 8) assay. 
Figure 5.1. SEM images at (a) low and (b) high magnification, (c) HRTEM image, (d) SAED pattern, 
(e) XRD pattern, and (f) schematic model of the synthesized Cu NWs. 
Figure 5.2. SEM image of the ultra-long Cu NWs. 
Figure 5.3. Cu 2p3/2 XPS spectrum of (a) as-synthesized Cu NWs and (b) Cu NWs kept at ambient 
condition for 15 days. 
Figure 5.4. TEM images of products obtained under different chloride ion to copper ion ratios at (a) 
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Cl−/Cu2+ = 0, (b) 1, and (c) 2. 
Figure 5.5. SEM images of Cu NWs synthesized with different amount of CuCl2 (a) 0.92, (b) 1.29, 
and (c) 1.83 mmol. 
Figure 5.6. Photographs of a reaction vessel (a) before the injection of growth solution, (b) at 5 min, 
and (c) at 12 h after the injection of growth solution. 
Figure 5.7. TEM images of copper nanoparticles obtained (a) before injection, (b) 5 min, (c) 12 h 
after injection of growth solution, and (d) UV/Vis spectra obtained from corresponding solutions. 
Figure 5.8. SEM image of irregular shaped large clusters of copper metal synthesized by injection of 
metastable CuCl2-Oleylamine. 
Figure 5.9. Proposed growth mechanism of Cu NWs. 
Figure 5.10 (a) Transmittance spectra of transparent electrodes containing Cu NWs for UV/Vis range 
depending on sheet resistance, (b) Transmittance vs sheet resistance relationship for various electrodes 
having Cu NWs at 500 nm wavelength, and (c) the corresponding SEM image of as-prepared 
transparent conducting electrodes with transmittances of 72%.  
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Chapter 1. Surface engineered nanomaterials and dissertation overview 
 
1.1 Introduction 
Surface engineering of nanoparticles have been researched for wide application field and 
fundamental studies, because of inherent large surface to volume properties of nanomaterials. 
Surface of nanoparticles has great influence to intrinsic characteristic of nanoparticles including 
solubility, conductivity, catalytic activity, stimuli responsibility and photoluminescence. All of the 
factors directly affect to synthetic mechanism, processing and application of nanoparticles. 
Traditionally, high quality nanoparticles have been synthesized in thermal-decomposition of 
metal precursor, solvothermal in organic solvent, and reduction method in aqueous solution with 
surfactant, which can effectively lower surface energy of unstable surface of particles. Although, 
high crystallinity, narrow size distribution, controllable size and morphology have been achieved 
by the above mentioned synthetic techniques in various kinds of nanocrystals such as transition 
metal oxide, noble metal, semiconductor, and rare earth metal oxide nanoparticles, the resultant 
nanoparticles involve ligand adsorbed surface which is especially a long hydrocarbon tethered 
anchor (Figure 1).1 In most of application, the inherent long hydrocarbon chain functionalized 
nanocrystals limit their usage potential. To overcome the issues for biocompatible nanomaterials, 
ligand exchange can be one of the most effective strategies to endow water-dispersibility to 
nanoparticles by direct replacement of hydrophobic ligand to desired surface (Figure 2).2 The 
direct ligand exchange have advantage to compact size and facile functionalization compared to 
previously micellization by amphiphilic molecules and silanization method. Among the binding 
anchor groups, catechol derivatives have been attracted as ligand for synthesis of biocompatible 
nanomaterials because their high binding affinity to metal oxide even in harsh sea water condition 
and versatility to universe substrates. Nanocoatings on substrates have been successfully 
fabricated through controlled polymerization of dopamine and polyphenol derivatives, 
coacervation of catecholic zwitterions, salt replacement by catechol with flexible amino groups, 
and coordination complexes of polyphenols and Fe3+ ions. Although these film fabrication 
methods represent the state-of-the-art in the substrate nanocoating field, their application to nano-
sized materials with high curvatures has been limited. Mussel-inspired nanocoatings on inorganic 
nanoparticles have depended on dopamine and catechol derivatives; however, degradation and 
etching, heterogeneous coating layers, and agglomeration of NPs due to unstable and thick 
coating layers compared with original NP sizes have been reported as challenging issues. 
Fabrication of delicately surface modulated nanoparticles has still been limited because of above 
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issues and as a result, it is meaningful to apply and study for stable, uniform and compact sized 
surface engineered nanoparticles to in vitro and in vivo bio-application.  
In this chapter, the research background and trends for catechol-based coating on 
nanomaterials will be discussed.   
 
 
Figure 1.1. (a) Calculated atomic illustration of oleic acid passivated PbS nanoparticles. (b) 
Configuration of oleic acid molecules on the PbS(001) surface. The figure is reproduced with 
permission from ref. 1, AAAS. 
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Figure 1.2. Representative design of ligands for biocompatible nanoparticles. (a) Various anchor 
group, (b) Hydrophilic group for water solubility and non-specific binding properties, (c) Functional 
group for conjugation reaction, and (d) biomolecule conjugation for bioapplication. The figure is 
reproduced with permission from ref. 2, Nature Publishing Group. 
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1.2 Previous researches on surface engineered nanomaterials 
 
1.2.1. Micellization via amphiphilic molecules 
Hydrophobic organic ligands coated nanocrystals is the main challenge for expansion of their 
application, especially in biological application. Phospholipid and glycocluster amphiphile 
encapsulated quantum dots were known as first approaches of surface engineered nanoparticles 
(Figure 3).3-5 The amphiphilic molecules are a kind of surfactant and have a characteristics about 
micelle formation. A hydrophobic tail stabilizes the hydrophobic nanocrystals and a hydrophilic head 
comprises a dense layer of biocompatibility and water solubility. From the encapsulation method, 
high colloidal stability and passivation of surface from external chemicals are achieved in aqueous 
phase through rigid core protection layer. However, modulation of functionalization of nanoparticles 
except for charge and hydrophilic group is difficult due to intrinsic properties of core-shell structured 
micelle. Additionally, enlarged hydrodynamic diameter of nanocrystals because of inner hydrocarbon 
shell limit renal clearance, access to a crowded neuronal synapse, and penetration to connected cells.    
 
1.2.2. Silica coatings 
Silica coated nanoparticles have been widely used surface engineering method due to facile surface 
chemistry, biocompatibility, high transparency and its controllable porosity. Sol-gel method on the 
nanoparticles through hydrolysis/condensation of a 
tetraethyl orthosilicate is established (Figure 4). For the procedure, hydroxyl group is required to 
facilitate the hydrolysis and condensation of silicon alkoxide. For example, hydorxyl group functional 
citrate capped gold NPs and dextran coated IONPs induce robust silica shell layer on their surface.6 
Molecular transformation of polyvinylpyrrolidone (PVP) to enol form can be also one of the example 
of hydroxyl functionalization of PVP coated nanoparticles.6, 7 
 Silica coating through reverse microemusion is synthetic method for hydrophobic nanoparticles.8 
Silica precursor is injected to hydrophobic nanoparticles in cyclohexane with surfactant and 
ammonium solution. Then, silica encapsulated nanoparticles is produced and the thickness of silica 
shell can be controlled by synthetic parameters.  
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Figure 1.3. Encapsulation of nanoparticles using (a) phospholipid derivatives3, (b) glycocluster 
amphiphile4, and (c) octyl amine modified poly acrylic acid5. Panel a reproduced from ref. 3, AAAS, 
Panel b reproduced from ref. 4, American Chemical Society, Panel c reproduced from ref 5, American 
Chemical Society.  
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Figure 1.4. Synthetic illustration of silica coating on (a) citrate capped nanoparticles6 and (b) PVP 
stabilized nanoparticles6, Synthetic scheme of (c) mesoporous silica coated nanoparticles6 and (d) 
silanization through reverse microemulsion method8. Panel a-c reproduced from ref. 6, Wiley-VCH. 
Panel d reproduced from ref. 8, American Chemical Society. 
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1.2.3. Direct ligand exchange via monodentate ligands 
Ligand exchange strategies of nanoparticles is direct covalent attachment of ligands to the 
nanoparticle surface with bifunctional hydrophilic ligands.9 The ligands consist of metal coordinating 
anchor group and functional group simultaneously. For example, monothiol ligands such as 
mercaptoacetic acid, mercaptopropionic acid, cystamine, and cystein have been used to stabilize 
quantum dots (Figure 5). The L-type ligands exhibit high binding affinity to quantum dot surface so, 
facilitate desorbing the formal ligands from surface. In contrast quantum dots, X-type ligands such as 
phosphate, catechol, and carboxyl function are established for their high binding affinity on metal 
oxide nanoparticles.10, 12 High negative charge density on surface of nanoparticles is induced from the 
small monodentate molecules and it is advantageous for water solubility of nanoparticles. Low 
stability in acidic solution and non-specific binding properties of the monodentate ligands was 
overcome through the development of polyethyleneglycol linked bidentate thiol ligands. The new 
class of ligands also contains functional group such as hydroxyl, carboxylic acid, and biotin for 
conjugation with biomolecules.     
 
1.2.4. Direct ligand exchange via multidentate polymeric ligands 
Although the monodentate ligand based cap exchange reaction is facile strategies for providing 
functional surface to nanoparticles, its low binding stability from the dynamic binding interaction 
between the anchor and nanoparticles make them to have short colloidal stability in solution. 
Detachment of surface ligand cause non-specific binding in cellular application and decrease of 
quantum yield of quantum dots. To overcome the inherent low binding affinity of monodentate 
ligands, multiple pendent anchor group along the polymer backbone have been researched (Figure 6). 
Multiple lipoic acid13, catechol14, and imidazole15 function included polymeric ligands were reported 
and their enhanced pH/ionic stability was proved.  
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Figure 1.5. Monodentate molecules with affinity towards (a) the noble metal nanoparticles and 
quantum dots9, (b) metal oxide nanoparticles10. PEG tethered bidentate ligands with various terminal 
functional group11. Panel a reproduced from ref. 9, The Royal Society Publishing. Panel b reproduced 
from ref. 10, The Royal Society Publishing. Panel c reproduced from ref. 11, American Chemical 
Society. 
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Figure 1.6. Synthetic scheme of (a) reverse addition fragmentation transfer mediated synthesized 
multidentate imidazole-based random copolymer12, (b) multidentate lipoic acid block copolymer13, 
and (c) multidentate DOPA-based polymer14. Panel a reproduced from ref. 12, American Chemical 
Society. Panel b reproduced from ref. 13, The royal society of chemistry. Panel c reproduced from ref. 
14, Wiley-VCH. 
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1.3 Catechol chemistry related to surface engineering: Research 
background 
 
1.3.1. Introduction of catechol chemistry 
Catechol is a 1,2-hydroxylbenzene and its derivatives are prevalent in surrounding nature including 
mussels16, sandcastle worms17, squids18, teas19, and fruits. Among them, marine mussel lives on rocks 
even under harsh sea water condition contains lots of salt, basic pH, and microorganism against wind 
and wave.20 A catechol containing DOPA in Mfp is a crucial amino acid related to adhesive 
characteristics of mussel so, extensive studies about DOPA have been researched to copy their high 
adhesion performance (Figure 7a).21 Current molecular control of surface has depended upon thiol, 
silane, and phosphonic group however, requirement of oxide free surfaces, low stability, and non-
uniform layer are impediments to further use. Mfp-3 and Mfp-5 which is prominent at the interface 
contain high amount of DOPA contents ~25% so lots of paper have focused to the DOPA to mimic 
them as synthetic polymers containing catechol as adhesive.22 For fabrication of stable and uniform 
nanocoating layer, a specific anchor group of adsorbates such as catechol is essential due to its high 
adhesion capability. However, the adhesion force of DOPA included chemicals is controversy and 
remains unclear.23, 24 Oxidative vulnerability of catechol decrease the affinity to substrate and the 
unique oxidative properties are origin of complex catechol based cohesion properties. Loss of affinity 
to substrate and uncontrollable polymerization induced from the oxidized catechol, quinone are not 
still fully identified. Lysine is another rich amino acid related to adhesion properties and has been 
adopted to enhance adhesion. Dopamine is a representative molecules for universal coating reagent 
which is amine function tethered catechol. Although the high adhesion properties can be achieve by 
combination of catechol and amine, the uncontrollable cohesion limit their application potential 
(Figure 7b). Polymerization of dopamine go through via 5,6-dihydroxyindole intermediate which is 
generated from intramolecular amine addition to quinone.25 Recently, not only covalent reaction but 
also, physical pathway involves cation-π, π-π stacking, and hydrogen bond is revealed as a one of 
coating mechanism of dopamine by Hong et al.26  
 Although the mussel inspired dopamine exhibited excellent adhesion and cohesion properties in 
basic condition, susceptibility to air oxidation of DOPA deteriorate affinity of DOPA. To overcome 
the phenomenon, the real mussel secreted cysteine rich Mfp-6 to recover oxidized DOPA to fresh one 
through thiol mediated reduction process (Figure 11).27    
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Figure 1.7. (a) Photograph of mussel foot protein of M. edulis.24 (b) Scheme of the bio-distribution of 
Mfp. (c) Amino sequence of Mfp-3 and Mfp-5. (d) Illustration of Mfp-5 and (e and f) its amino 
sequence.25 (g) Molecular structure of dopamine. (h) Mechanism of polydopamine coating. Panel a-c 
reproduced from ref. 24, National Academy of Sciences. Panel d-h reproduced from ref. 25, AAAS. 
 
  
26 
 
1.3.2. Introduction of catecholic based nanocoating 
By optimizing the molecular structure of amine functional catechol, catechol based nanocoating 
layer have been achieved. One of the example is cyclic trichrysobactin which contains derivatives of 
2,3-dihydroxybenzoic acid and lysine in a molecule (Figure 8a).28 The lysine of the structure evicts 
hydrated cations from the substrates resulting adsorption of cyclic trichrysobactin derivatives to 
substrates. Extremely simplified amino group linked catechol anchor also have been proved for its 
nanocoating ability (Figure 8b).29 In Figure 9a, synthetic copolyampholytes inspired by a Mfp were 
introduced. Seo et al. focused key functional amino sequence of Mfp-3s involving DOPA, cationic, 
anionic, non-ionic polar and non-polar group.30 The synthetic copolymer exhibited coating layer under 
3 nm and high adhesion force under water. In the paper, electrostatic and hydrophobic interactions 
with catechol group are significant for wet adhesion and coacervation. Similar approaches from the 
catecholic zwitterionic surfactants was proposed for nanocoating layer (Figure 9b). Molecularly 
smooth, ultrathin, and high adsorption force was achieved via the molecules. Aggregates as 
coacervates above the critical aggregation concentration, uniformly distributed the coacervates on the 
substrates, and rearrangement of the coacervates as bilayers occurred during coating procedure.  
 Polyphenol nanocoating through tannic acid and Fe(III) ions was described by Ejima et al. in 2013 
(Figure 10a). The low cost and facile coating mechanism on universal substrates have been widely 
after the paper. Fe(III) ion act as crosslinker and the resultant tannic acid aggregates deposited on 
surface. Multifunctional coating by trihydroxyphenyl containing molecules have also been established 
as thin coating fabrication method (Figure 10b). The method has similar mechanism with 
polydopamine but, the method provide colorless coating layer and cost-effective compared to 
polydopamine coating. The coating mechanism of the method has not been revealed but, the authors 
ascribed that oxidation of polyphenol induce decrease solubility via polymerization and enhanced 
adsorption own affinity of increased number of anchor to surface may facilitate surface coating.  
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Figure 1.8. (a) Structure of cyclic trichrysobactin.28 (b) Mechanism of mica modification through 
amine functional catechol.29 Panel a reproduced from ref. 27, AAAS. Panel b reproduced from ref. 28, 
Wiley-VCH. 
 
 
 
Figure 1.9. (a) Key amino acid in Mfp-3s and its synthetic analogue copolymer.30 (b) charge of Mfp 
mimetic zwitterion catecholic molecule.31 Panel a reproduced from ref. 29, American Chemical 
Society. Panel b reproduced from ref. 30, Nature Publishing Group. 
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Figure 1.10. (a) I. Schematic illustration of the assembly of tannic acid and iron ion on a various 
substrates. II. Tannic acid assembly (green) on protein loaded CaCO3 (red) particles.32 (b) I. poly 
phenol rich grape, cacao, and green tea. II. Molecular structures of polyphenol derivatives from nature. 
III. Polyphenol coatings. IV. Colorless polyphenol coating on glass with red wine. AgNO3 treatment 
for visualization of coating layer (right).19 Panel a reproduced from ref. 31, AAAS. Panel b 
reproduced from ref. 19, Wiley-VCH. 
 
 
 
Figure 1.11. Mechanism of reduction by cysteine rich Mfp-6. The DOPA adsorb directly on rock 
surface and the oxidized DOPA are reduced by thiol of cysteine. The adhesion of DOPA is recovered 
and the cohesion of oxidized DOPA are suppressed.27 Adapted from ref. 32 with permission from 
Nature Publishing Group. 
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Chapter 2. Molecularly smooth and conformal nanocoating by amine-
mediated redox modulation of catechol 
 
2.1 Introduction 
Catechol-based nanocoatings on nanostructured materials have gained interest in areas of molecular 
recognition, control of physicochemical properties during nanofabrication, and application of 
nanomaterials due to optimal experimental strategies at the molecular level.1-4 Nanocoatings on 
substrates have been successfully fabricated through (a) controlled polymerization of dopamine and 
polyphenol derivatives, (b) coacervation of catecholic zwitterions, (c) salt replacement by catechol 
with flexible amino groups, and (d) coordination complexes of polyphenols and Fe3+ ions.5-9 Although 
these film fabrication methods represent the state-of-the-art in the substrate nanocoating field, their 
application to nano-sized materials with high curvatures has been limited. Mussel-inspired 
nanocoatings on inorganic nanoparticles (NPs) have depended on dopamine and catechol derivatives; 
however, degradation and etching, heterogeneous coating layers, and agglomeration of NPs due to 
unstable and thick coating layers compared with original NP sizes have been reported as challenging 
issues.10-13 Enhanced stability and decreased uncontrollable polymerization are urgent requirements 
for the formation of robust, monolayer, and smooth catechol-based coatings. Mussels use forces on 
multiple length scales, including cohesive and adhesive strength, to stick to rocks in the ocean.14 
Cohesive properties are related to the microscale connection of bulk, whereas adhesive force is 
concentrated on interface at nanometer scale level for adhesion. For nanocoatings, simultaneous 
suppressing cohesion and increasing adhesion is an ideal strategy to keep thin layer inert by blocking 
unnecessary growth of coating layer. DOPA and lysine in the Mfp-3 and -5 are well-known adhesion-
related amino acids, and many studies have demonstrated highly adhesive synthetic materials by their 
imitation (Scheme 2.1a).11,15,16 However, in-situ polymerization and intermolecular cross-linking due 
to the intrinsic oxidative properties of catechol induce cohesive properties and hinder the fabrication 
of precisely controlled coating layers.17,18 We have focused on the restoration ability for oxidized 
catechol of Mfp-6 revealed by Yu et al.19,20 Cysteine in Mfp-6 converts oxidized catechol to fresh 
catechol by coupling the oxidation of thiols to dopaquinone. We hypothesized that separated amine 
additives (AA) with catechol could function like Mfp-6 via addition reaction due to their 
nucleophilicity and thereby reduce cohesion and recover adhesion, even under oxidative conditions. 
Herein, we report a conformal, molecularly smooth, and robust nanocoating by amine-involved 
modulation of the redox chemistry of catechol. The amine-assisted catechol nanocoatings (AACNs) 
on flat substrates and inorganic NPs were unprecedentedly uniform and ultrathin (Scheme 2.1b and 
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2.1c). The results demonstrate that suppressed cohesive properties, uniformity, and high stability can 
be achieved by the proposed coating system. The nanocoating layer was extensively analyzed by X-
ray photoelectron spectroscopy (XPS), near edge X-ray absorption fine structure (NEXAFS), and 
high-resolution magic angle spinning (HR-MAS) nuclear magnetic resonance (NMR) spectroscopy to 
elucidate its molecular structure. We discovered that newly designed catechol-amine adducts were 
generated in-situ. A remarkable enhancement of the affinity to metal oxide surfaces of the compound 
was identified by density functional theory (DFT) calculations. We further elucidated three major 
roles of amine and suggested a mechanism for AACN. 
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2.2 Experimental section 
 
2.2.1 Materials 
 Iron chloride hexahydrate, sodium oleate, sodium hydroxide, oleic acid, 4-tert-butylcatechol (TBC), 
dopamine hydrochloride, AEE, triethylamine (TEA), hexylamine, octylamine, dodecylamine, 
oleylamine, 6-amino-1-hexanol (AH), hexamethylenediamine (HMDA), poly(ethylene glycol) methyl 
ether acrylate, sodium periodate (NaIO4), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride, N-hydroxysuccinimide, and 2-[2-(2-methoxyethoxy)ethoxy]acetic acid were purchased 
from Sigma Aldrich. Oligo ethylene glycol catechol (OEGC) was synthesized via a modified version 
of a previously reported method.21 Dopamine methacrylamide and dibenzyl trithiocarbonate were 
synthesized as previously reported.22,23 Organic solvents and AIBN were obtained from Junsei. 
2.2.2 Instrumentation and analyses 
 1H NMR spectra were recorded using a 400 MHz Agilent spectrometer, where the residual proton 
signal of the deuterated solvent was selected as the reference standard. HR-MAS proton spectra were 
recorded on an AV-700 NMR Spectrometer (Bruker, Rheinstetten, Germany) operating at 700.13 
MHz, 6 KHz spinning rate, and 293 K with an HR-MAS probe. The sizes and morphologies of NPs 
were studied through transmission electron microscopy (TEM, JEOL, JEM-2100) conducted at 200 
kV, for which the dispersed samples were placed on a carbon copper grid for measurement. Dynamic 
light scattering (DLS) measurements were performed on a Malvern Instruments Zetasizer Nano-ZS90 
at 25 °C, and XPS spectra were recorded on an ESCALAB 250XI (Thermo Fisher Scientific). Al Kα 
radiation (1486.6 eV) under ultrahigh vacuum (1.0×10-10 torr) was used, and spectra were measured in 
high-resolution mode (0.45 eV). The samples were prepared using a freeze dryer before measurement. 
UV-Vis spectra were taken on a Shimadzu UV-1800 with a quartz cuvette, and infrared (IR) spectra 
were measured on a Varian 670/620 at room temperature. The surface morphologies of coating layers 
were analyzed by optical microscopy (OM, Eclipse LV150, Nikon) and atomic force microscopy 
(AFM, DI 3100, Veeco). All AFM images were obtained in tapping mode using silicon cantilevers 
(RTESP-300, Bruker). 
2.2.3 Preparation of catechol-coated films  
Prior to surface modification, the target substrates were rinsed sequentially by sonication for 15 min in 
distilled water, acetone, and isopropanol. Subsequently, the substrates were dried in an oven for 15 
min at 120 °C. The catechol-coated films were formed by a simple dip-coating method under ambient 
conditions. For TBC and TBC-AEE films, TBC (87.25 mg, 0.52 mmol) was dissolved in pure 
methanol (10 ml). Then, AEE (1.05 ml, 10.50 mmol) was added to the solution only for TBC-AEE 
films. For TBC films, the pH of the coating solution was adjusted to 10 by addition of NaOH solution 
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(0.5 M) because AEE has basic properties as a primary amine. As a result, we evaluated the effect of 
the nucleophilic properties of AEE except for its basicity. The solution was mixed homogeneously by 
using a vertex mixer (VM-10, DAIHAN), after which its color changed from light pink to yellow. The 
rinsed substrates were immersed in the solution vertically and incubated for various times. After the 
coated films were carefully removed, physisorbed TBC and AEE were washed off by methanol and 
dried with Ar. We repeated this washing step three times and stored the samples in a desiccator for 
analysis. For diamine tests, these procedures were carried out in the same manner except that HMDA 
was used in place of AEE. 
2.2.4 Polydopamine coating with AA  
Polydopamine coating was performed following a slightly modified version of the method reported by 
Lee et al.11 In a typical procedure, dopamine hydrochloride (20 mg, 0.11 mmol) was dissolved in 10 
mM Tris buffer (10 ml, pH 8.5). Then, sapphire wafers were immersed vertically into the solution for 
24 h. The formed polydopamine films were rinsed with distilled water and dried with Ar. To apply the 
AACN strategy, AEE (0.21 ml, 2.10 mmol) was added to the dopamine hydrochloride solution. The 
other procedures were carried out in the same manner except for the addition of AEE. It is worth 
noting that there were no precipitates in the coating solution with added AEE. 
2.2.5 Synthesis of IONPs 
 IONPs were synthesized using the thermal decomposition of an iron oleate precursor in an organic 
solvent through a literature method.24,25 In a typical synthesis of 11 nm sized IONPs, iron oleate (1 
mmol) and oleic acid (0.7 mmol) were dissolved in 3 g of octadecene. The mixture was slowly heated 
to 320 °C, kept at this temperature for 30 min, and cooled under an inert atmosphere. The IONPs were 
washed twice with acetone and re-dispersed in hexane. The synthetic procedure of 3 nm sized IONPs 
was as follows. Iron oleate (1 mmol) and oleyl alcohol (6 mmol) were dissolved in 5 g of diphenyl 
ether. The mixture was heated to 250 °C at a heating rate of 3.3 °C/min under an Ar atmosphere and 
kept at that temperature for 30 min. The resulting solution was cooled under inert conditions, and the 
product was collected by centrifugation in acetone and ethanol for 3 min at 5000 rpm. 
2.2.6 Polymerization of catechol-based PEG polymer  
A catechol-based PEG polymer (CP) was prepared by a reported literature method.26 Dopamine 
methacrylamide (0.06 mmol), PEG480 acrylate (0.24 mmol), RAFT agent (0.015 mmol), and AIBN 
(0.015 mmol) were mixed in a 5 ml vial. DMF (200 μl) was added to dissolve the reagents, and the 
resulting mixture was transferred to an ampule. The freeze-pump-thaw procedure was repeated three 
times, followed by sealing with a torch under vacuum and reacting in an oil bath at 70 °C for 12 h. 
After the reaction, the crude solution was precipitated with ethyl ether and washed three times. 
2.2.7 Surface engineering of IONPs  
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The standard surface modification procedure is described as follows. The prepared OEGC (0.001 
mmol) and AEE (0.1 mmol) were mixed in a tetrahydrofuran (THF) solution containing 2 mg of as-
syn IONPs. The mixture was stirred at a temperature of 50 °C and reacted for 12 h. After the reaction, 
the solution was precipitated with the ethylether solvent, and the precipitated pellet was dissolved in 
MeOH for further use. For mechanism studies, CP was used for the surface engineering of IONPs. 
Oleic-acid-capped IONPs (2 mg) in 200 μl of THF were mixed with 0.001 mmol of CP and 0.1 mmol 
of AEE. The solution was reacted in a glass vial at 50 °C with magnetic stirring for 12 h. The crude 
solution was precipitated with ethylether to remove THF, and the pellet was dispersed in deionized 
water (D.W) and purified with a centrifugal membrane filter (Amicon Ultra-4 50 k devices).  
2.2.8 Film thickness of catechol-coated films  
Film thicknesses were measured by AFM and surface profiling (P6, KLA Tencor). For the AEE-added 
films, the vertical distance (height) between the top of the coated films and the uncovered vacancy 
was obtained by the NanoScope software from AFM images (1 × 1 μm2). On the other hand, the step 
height of TBC-coated films was measured by the surface profiler. Because there were large aggregates 
with micrometer-scale heights on the TBC-coated surface, the surface profiler was more appropriate 
than AFM to measure their average thicknesses. All measurements were performed on at least five 
different areas for each sample. 
2.2.9 NEXAFS analysis  
Samples for NEXAFS experiments were prepared by dip-coating of catechol and AA onto sapphire 
substrates. To minimize the charging effect on the surfaces, we bridged the samples with conductive 
carbon tape. NEXAFS spectra were obtained at the Pohang Light Source II 4D beamline of the 
Pohang Accelerator Laboratory in Korea. A P-polarized synchrotron photon beam (polarization factor 
P=0.85) with an energy of 270-320 eV for the C K-edge was employed. The spectra were recorded at 
an incidence angle of 55° between the surface normal and light polarization (electric field vector). 
Partial electron yield (PEY) detection mode was used to analyze the surface of our nanometer-scale 
thin films to record the sample current to ground. This mode is more surface sensitive than total 
electron yield mode. The raw NEXAFS spectra were normalized to the beam current using a grid 
located upstream of the beamline. All data were obtained at room temperature under ultrahigh vacuum 
(~10-10 torr).  
2.2.10 Contact angle measurement  
To verify changes in surface properties, we prepared TBC-coated films with AEE, octylamine, 
dodecylamine, and oleylamine as the selected AAs. As described above in the general method, the 
coating solution was prepared by dissolving TBC (0.52 mmol) and AA (10.50 mmol) in 10 ml of 
methanol. After sample preparation, the contact angle of a water droplet was measured using a drop 
shape analyzer (DSA-100, Krüss). A 3 μl water drop was delivered onto the coated films using a 
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microsyringe. All measurements were performed at five different points on each sample at room 
temperature. 
2.2.11 Analysis of coating solution after AACN  
A coating solution was obtained by purification of CP-coated IONPs after AACN with a centrifugal 
membrane filter. The filtrate dissolved in D.W was analyzed by UV-Vis spectroscopy in the range of 
250-800 nm. The filtrate of CP-coated IONPs without AA was also measured, and oxidized CP was 
prepared for comparison by oxidation in 1× PBS under ambient conditions. 
2.2.12 Colorimetric assay of Fe2+ elution  
A portion of crude solution (10 μl) from AACN with IONPs was precipitated by 4 ml of ethyl ether. 
The pellet was dissolved in 3 ml of phenanthroline solution (2 mM), and the resulting solution was 
purified by centrifugal membrane filtration to remove IONPs. The filtrate was analyzed by UV-Vis 
spectroscopy. 
2.2.13 Calculation details  
DFT calculations were carried out using the Cambridge Serial Total Energy Package.27 The Perdew–
Burke–Ernzerhof version of the generalized gradient approximation28,29 was used for exchange-
correlation interactions, and norm-conserving pseudopotentials30 were adopted to describe electron-
ion potential. The Hubbard U parameter for Fe3d, which was calculated by Santos-Carballal et al.,31 
was set as 3.7 eV for both Fe2+ and Fe3+ cations to localize d-Fe orbitals. To include van der Waals 
interactions between the Fe3O4 surface and adsorbates, the Tkatchenko–Scheffler method for DFT-D 
correction was also applied.32 All calculations were performed with spin-polarized calculations and 
the energy cutoff of 900 eV. During optimization of the model system, Monkhorst–Pack grids33 of 7 × 
7 × 7 k-points and 1 × 2 × 1 k-points were applied to the primitive unit cell (i.e., rhombohedral Fe6O8) 
and surface systems, respectively. 
The systems were modeled as follows. An inverse spinel structure of Fe3O4 was converted from an 
optimized rhombohedral primitive unit cell to construct a surface system as reported by Santos-
Carballal et al.31 (Figure 2.1a and 2.1b). This modeling scheme resulted in excellent agreement with 
experimental observations.31,34 The optimized lattice parameter was 8.451 Å, which is within less than 
1% error of the experimental value (8.390 Å).35 The initial magnetic moments were introduced as a 
high-spin ferrimagnetic structure, where the tetrahedral sites were occupied by Fe3+ assigned with spin 
down and the octahedral sites were occupied by Fe2+ or Fe3+ assigned with spin up. The magnetic 
moments of tetrahedral Fe3+, octahedral Fe2+, and octahedral Fe3+ were calculated to be −4.190, 3.760, 
and 4.250 𝜇𝐵, respectively. A (001) surface slab model was constructed with a (√2 × √2)R45° unit 
cell consisting of 24 Fe atoms and 32 O atoms, which was extended to make a (1 × 2) supercell for 
assessing the adsorption of TBC and TBC-AEE (Figure 2.1c). Note that the (001) surface was chosen 
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because it is the most stable facet.31 In order to eliminate z-directional dipole effects on adsorption 
energy, a non-polar surface slab was constructed by removing tetrahedral Fe atoms (e.g., VFe shown in 
Figure 2.1c and 2.1d) from the top and bottom layers while maintaining the stoichiometry of the bulk 
state. During geometry optimization calculations, the lowest layer was fixed to impose bulk-like 
features. Finally, a vacuum height of 20 Å was introduced along the z-axis to avoid self-interaction of 
the surface slab model. 
Energy calculations were conducted as follows. The adsorption energies (Δ𝐸𝑎𝑑𝑠) of adsorbates (i.e., 
TBC and TBC-AEE) were calculated as follows: 
Δ𝐸𝑎𝑑𝑠 = 𝐸𝑎𝑑𝑠+Fe3O4 − 𝐸𝑎𝑑𝑠 − 𝐸Fe3O4,   (1) 
where 𝐸𝑎𝑑𝑠 and 𝐸Fe3O4 represent the total energy of isolated adsorbate molecules and the Fe3O4 
(001) surface, respectively, and 𝐸𝑎𝑑𝑠+Fe3O4is the total energy of the system that adsorbate molecules 
adsorbed on the Fe3O4 (001) surface. The relative surface slab energy (∆𝐸Surf), which is referenced to 
the surface slab energy of the system with adsorbed TBC for each adsorption mode (i.e., TBC (or 
TBC-AEE) in bidentate chelating mode with tetrahedral Fe3+ and TBC (or TBC-AEE) in bidentate 
bridging mode with octahedral Fe2+ and Fe3+), was calculated as follows: 
Δ𝐸surf = 𝐸2H+Fe3O4
𝑇𝐵𝐶−𝐴𝐸𝐸 − 𝐸2H+Fe3O4
𝑇𝐵𝐶 ,   (2) 
where 𝐸2H+Fe3O4
𝑇𝐵𝐶−𝐴𝐸𝐸  and 𝐸2H+Fe3O4
𝑇𝐵𝐶  represent the energy of the Fe3O4 (001) surface slab system with 
adsorbate molecules (TBC-AEE and TBC, respectively) and two dissociated hydrogen atoms. Note 
that the positive energy values indicate the unstable surface system due to the adsorption of TBC-
AEE(Cx) (i.e., x = 3, 5, 6, where Cx indicates the carbon site AEE attached as shown in Figure 2.1e. 
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Figure 2.1. (a) Rhombohedral primitive unit cell of Fe3O4. (b) Inverse spinel structure of Fe3O4. (c) 
Side view of the slab model with (001) surface of Fe3O4, which is a (1 × 2) supercell extended from a 
(√𝟐 × √𝟐)𝐑𝟒𝟓° unit cell. The fixed bottom layer in the slab model is colored orange, and VFe 
indicates the tetrahedral Fe3+ sites that were removed to eliminate the z-directional dipole effect of the 
surface. (d) Top view of (001) surface showing only the top layer. (e) Molecular structures of 4-tert-
butylbenzo-1,2-quinone (left) and AEE molecule (right). Carbon atoms in the benzene group are 
numbered in the clockwise direction. 
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2.3 Result and discussion 
 
2.3.1 Separation of lysine and DOPA 
Mussels secrete Mfp-3,-5, and -6 primarily on the target surface to fix the byssus and other Mfps to 
support the main body. It is worth noting that adhesive strength is strongly related to Mfp-3, -5, and -6 
optimized proteins for adhesion at nanoscale interfaces. Therefore, understanding the adhesion 
mechanisms of real mussels at interfaces is critical for the design of nanocoating adhesives. Insight 
into mechanisms for suppressing cohesion and increasing adhesion properties of catechol in real 
mussels under oxidation-vulnerable conditions was previously proposed.20 The major mechanism is to 
eliminate oxidized catechol, which induces desorption of the coating layer and cohesive properties by 
polymerization with nearby dopaquinone. Cysteine in Mfp-6 converts oxidized catechol to fresh 
catechol by coupling the oxidation of thiols to dopaquinone. Amino molecules can also reduce 
quinone by creating covalent bonding with catechol. Lysine, which contains amino groups, is largely 
distributed in Mfp-3 and -5 at positions adjacent to DOPA. We hypothesized that lysine in Mfp-3 and 
-5 can interact in conjunction and function like cysteine in Mfp-6 to enhance adhesion and limit the 
oxidation of DOPA by modulating the redox chemistry. To realize our idea for nanocoating, we 
focused on DOPA and lysine and separated them to prevent cohesion from intermolecular cross-
linking between molecules and self-polymerization through intramolecular ring closure, like 
dopamine. To reduce the chemical complexity of the biological model, we selected AEE in place of 
lysine and TBC in place of DOPA to mimic their moieties for a simple model experimental system. 
 
2.3.2 Flat substrate coating 
To demonstrate the hypothesis that separating AA with catechol groups prevents polymerization 
and forms a smooth nanocoating, we prepared thin films by simple dip-coating of the substrate in a 
mixture of TBC and AEE or only TBC (Figure 2.2a). Sapphire wafer was selected as a target substrate 
because its components are similar to that of mica surfaces, and the smoothness of the surface is 
helpful for elaborating nanoscale film analysis by AFM. 
First, we investigated the surface morphologies of the prepared films by OM and AFM to observe the 
cohesion suppressive effect of AA addition to the TBC coating layer. The TBC-coated film without 
AEE had a very coarse and rough surface with a high root mean square (RMS) value of 4.78 ± 4.37 
nm (Figure 2.2b). The thickness of the TBC film was not controllable, and it accumulated 
progressively with increasing immersion time (Figure 2.3). On increasing the immersion time from 1 
to 24 h, the average thickness of the TBC films increased from 103 nm to 6.22 μm (Figure 2.2d). The 
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thicknesses of TBC-coated films were measured using a surface profiler because the surfaces were too 
rough to measure by AFM. This surface roughness arises from catechol oxidative chemistry and 
remains a challenging problem associated with catechol-based surface chemistry. Catechol is prone to 
oxidation, and oxidized catechol induces chaotic intermolecular crosslinking and aggregation.36 Van 
der Waals forces and π-π interactions are also major factors in uncontrollable surfaces.5 In contrast, 
when AEE was added to the TBC solution, an ultrasmooth thin film was formed with a thickness of 
1.69 nm and an RMS of 0.358 ± 0.09 nm (Figure 2.2c). Surprisingly, the thickness of the AEE-added 
films remained under 1.70 nm as coating time increased, and there was no sign of agglomeration 
(Figure 2.2d). Although nanocoating was achieved by controlling the coating time for polyphenol 
derivatives and modulating chemical structure in previously reported mussel-inspired coating 
methods,5,8,9,11,37-41 our system can form ultrasmooth monolayers simply by separation of amine and 
catechol. In fact, other groups have also studied the effect of non-covalently linked catechol and 
amine, but they focused on the adhesion force with lab-shear tests and wet adhesion force 
measurements.42,43 However, these previous results did not demonstrate suppressed cohesion 
properties via reaction between separated amine and catechol, which is a significant hypothesis for 
ultrasmooth nanocoating. 
 
Scheme 2.1. Schematic illustrations of (a) mussel byssal plaque and a catechol-based coating and 
AACN on flat (a) substrates and (c) nanomaterials with high curvature. 
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To investigate the role of AA, we performed X-ray surface analyses including XPS and NEXAFS. 
XPS analysis was carried out to characterize the chemical environments of the coated thin films. The 
C 1s XPS spectra of the TBC and AEE-added films were deconvoluted to peaks at 284.5, 286.0, and 
287.9 eV representing C-C/C-H, C-N/C-O, and C=O bonds, respectively.38,44,45 For the AEE-added 
film, the peak intensity at 286 eV increased compared with TBC films (Figure 2.2e and 2.2f). The N 
1s spectra also showed a peak at 399.7 eV, indicating a C-N bond (Figure 2.4). These results implied 
the generation of catechol-amine adducts on AEE-coated films because of the newly formed C-N 
bond in the secondary amine and the C-O bond of AEE.38 Furthermore, C K-edge NEXAFS spectra 
were obtained to analyze the electronic structure and orientation of the catechol molecules on the 
coated surfaces (Figure 2.2g). We used PEY detection mode for NEXAFS spectra to acquire surface-
sensitive signals with a probing depth of approximately a few nanometers.46 As shown in Fig 1g, the 
intensity of the peaks at 284.9, 288.5, and 293 eV increased in the AEE-added film. Because the peaks 
at 284.9 and 288.5 eV are associated with the π* C=C and π* C=O orbitals of TBC, their increased 
intensities indicated that the degree of arrangement among catechol molecules was improved. In 
contrast, their arrangement in the TBC film was relatively random.46,47 The increased signal at 293 eV 
suggested the generation of C-N/C-O bonds,48 which corresponded to the XPS data. The in situ 
generated catechol-amine adduct reveals that AA participates in an addition reaction with oxidized 
catechol. These results support that the addition reaction step is a key point in the fabrication of 
nanocoatings through suppression of uncontrollable polymerization. 
To demonstrate the versatility of our strategy, we modified the type of AA (Rn, n=1-4) with different 
alkyl chain lengths and terminal groups, including AEE (R1), octylamine (R2), dodecylamine (R3), and 
oleylamine (R4) (Figure 2.5). When the AA amine group was incorporated into the TBC molecule on 
the sapphire substrate, the other terminal part of the AA changed the surface properties. The effect was 
investigated by water contact angle measurements. The hydroxyl group of AEE yielded a more 
hydrophilic film with a contact angle of 39.8±0.6°, whereas that of the unmodified sapphire substrate 
was 48.3±1.7°. With longer AA alkyl chain lengths with a methyl group, the water contact angle 
gradually increased up to 75.6±1.4°. Thus, the AACN method can change surfaces and yield versatile 
properties via appropriate selection of the AA. This facile control of surfaces was proven to be a 
versatile platform for diverse functional uses. To confirm the Michael reaction during AACN, we 
studied the diamine system using HMDA as an example of AA, which could act as a cross-linker in 
the AACN system because of its primary amine groups on both end sites. AFM analysis was 
performed to observe the thickness and roughness of films dependent on the ratio of HMDA to AEE. 
As expected, the coated films became thicker and rougher as the amount of HMDA increased (Figure 
2.6). This result supports that amine groups covalently bonded to catechol by the Michael reaction. 
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Figure 2.2. (a) Schematic illustration of catechol coating on metal oxide surface with only TBC 
(above) and with addition of AEE (below). (b) AFM images of TBC-only coating (TBC 0.5 mmol/ml, 
pH 10) and (c) mixture of TBC and AEE coating (TBC 0.5 mmol/ml, TBC:AEE = 1:20) after 24 h of 
coating. (b) Thicknesses of TBC and TBC-AEE films versus time. The TBC film was analyzed by 
alpha-step, and the TBC-AEE film was measured by AFM. XPS C 1s spectra of (e) TBC-only on 
sapphire and (f) TBC-AEE. (g) Carbon K-edge X-ray absorption fine structure spectra of TBC (black) 
and TBC-AEE (red) coated on sapphire wafers. The data were collected in PEY mode with an 
incident angle of the linearly polarized X-ray beam of 55°. 
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The application of the AACN method can be expanded substantially with diverse chemical structures 
that contain catechol derivatives. For example, AACN can be applied to polydopamine, one of the 
most famous catecholamines noted for its excellent adhesion and cohesion properties.11 When AA was 
added during polydopamine coating, agglomerates disappeared and a uniform, transparent thin 
coating was made possible (Figure 2.7). This phenomenon originated from dopamine-AEE adducts 
preventing the formation of 5,6-dihydroxyindole polymerizable intermediates. 
Although we have exhibited that the AACN approach is a versatile platform for functionalization of 
flat substrates, nanocoating on highly curved nanostructures should also be studied in depth. The 
surface engineering of nanomaterials by AACN has great potential to sustain the NP properties 
through passivation of individual NPs with thin-layer coatings.49 Their dispersion in solvents is 
controlled, and surface functionalization ability is provided by the nanocoating layer. For example, 
surface modification is essential for applying inorganic NPs to bioapplications. Biocompatibility, 
biological targeting, and biodistribution are directly determined by the NP interface.50 A compact 
hydrodynamic diameter (HD) is also a significant factor for short clearance time and targeting 
ability.51 Therefore, nanocoating techniques can widen the potential of inorganic NPs for various 
applications and contribute to the field of nanoscience. 
 
 
 
Figure 2.3. Optical microscopy images for different coating incubation times. TBC coating on 
sapphire wafer without AEE (pH 10) for (a) 30 min, (b) 3 h, (c) 6 h, (d) 12 h, and (e) 24 h and with 
AEE for (f) 24 h. 
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Figure 2.4. XPS N 1s spectra of (a) TBC-only and (b) TBC with AEE on sapphire wafers. 
 
 
Figure 2.5. (a) Differences in contact angle in the presence of various types of AA (AEE, octylamine, 
dodecylamine, and oleylamine). (b) Schematic of sapphire substrate modified by TBC and AA. (c) 
Static water contact angles of TBC coatings on sapphire wafer according to the type of AA. 
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Figure 2.6. Effects of diamine as AA. AFM images of TBC-coated film on sapphire wafer (1 × 1 μm2) 
with molar ratios of AEE to HMDA of (a) 20:0, (b) 1:1, and (c) 0:20. (d) Average RMS values of the 
TBC-coated films (N=10). 
 
 
Figure 2.7. AACN applied to polydopamine (PDA) coating (2 mg/ml in Tris buffer, pH 8.5). (a) 
Photograph of PDA coating solutions depending on the presence of AEE after 24 h of incubation. (b) 
Photograph of washed PDA-coated sapphire wafer. One is dark brown (without AEE) and the other is 
colorless (with AEE). (c, d) OM images of PDA-coated substrates depending on the presence of AEE. 
(e) Morphology, roughness, and thickness of PDA-coated film with AEE on a sapphire wafer 
determined by AFM. 
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2.3.3 Nanomaterial coating 
The IONP is a representative nanomaterial that has the unique nanosized effect of 
superparamagnetic properties. To confirm the feasibility of AACN for coating IONPs, we used OEGC 
instead of TBC because the tert-butyl group of TBC is insufficient for dispersing IONPs in solvents. 
AEE was also changed to AH to avoid interference with OEGC in 1H NMR analyses (Figure 2.8a). 
We have already demonstrated the general applicability of various kinds of AAs and catechol 
derivatives as AACN reagents. THF was used as a coating solvent because oleic-acid-capped IONPs 
and other reagents are homogenously soluble in THF. 
As shown in Figure 2.8b, OEGC-coated IONPs precipitated in MeOH, and significant aggregation 
occurred. The hydrodynamic sizes of OEGC-coated IONPs were several hundred nanometers due to 
incomplete coating of the OEGC (Figure 2.8d). In contrast, the OEGC and AH coating solution 
successfully transferred IONPs to the methanol phase. The DLS data in Figure 2.8d determined an 
HD of OEGC-coated IONPs with AH of 8 nm with no sign of aggregation. This dramatically 
enhanced stability of IONPs by addition of AA is an extraordinary result. 
To investigate the organic coating layer of both types of coated IONPs, 1H HR-MAS NMR was 
performed. Conventional NMR analysis of IONP surfaces is challenging because of the large 
broadening effect from paramagnetic disturbance and decreased mobility of the ligands on the 
surface.52 In contrast, HR-MAS NMR is a powerful and effective analytical technique because the 
paramagnetic effects and chemical shift anisotropy can be decreased.52,53 
Figure 2.8e, f, and g show the normal NMR spectra of AH, OEGC, and mixture of AH and OEGC 
with oxidant (NaIO4), respectively. It is well known that catechol reacts with nucleophilic additives 
under oxidative conditions, and thus OEGC and AH with NaIO4 were measured as references to 
compare changes in the aromatic structure patterns with coating layer on IONPs.54 Above the spectra 
are references for comparison with coating layers of IONPs. Figure 2.8h, i, and j are 1H HR-MAS 
NMR spectra of OEGC/AH-coated IONPs, OEGC-coated IONPs, and oleic-acid-capped IONPs, 
respectively. The NMR data were analyzed by separation into three areas denoted as (I), (II), and (III). 
(I) is the area between approximately 3.3 and 4.2 ppm and is optimal for observing -CH2 of OEG 
signals from OEGC. (II) is an enlargement of the area between 1.0 and 2.4 ppm for detecting the alkyl 
groups of AH and oleic acid. (III) is between 5.4 and 7.2 ppm and focuses on the proton of the 
aromatic group of OEGC and its derivatives to provide information on reactions between OEGC and 
AH, like Michael addition. Area (I) in Figure 2.8h shows a signal between 3.5 and 3.7 ppm, indicating 
that OEGC and AH exist in the coating layer of IONPs (yellow box). In Figure 2.8i, only the OEGC 
signal appeared for the OEGC-coated IONPs. Peaks appeared at 1.2~1.8 ppm for AH, which were 
assigned to the –CH2- of the alkyl group. In Figure 2.8h, an AH signal was detected in area (II), 
meaning that AH and OEGC co-existed in the nanocoating layer of IONPs@OEGC/AH (gray box). 
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Figure 2.8. (a) Schematic illustration of catechol coating on metal oxide NPs. Photograph of (b) 
aggregated IONPs after coating with only OEGC and (c) dispersed IONPs in MeOH after AACN with 
OEGC. (d) DLS data of AACN IONPs with OEGC and OEGC-only coated IONPs, 1H NMR spectra 
of (e) AH, (f) OEGC, and (g) OEGC and AH mixture with oxidant (NaIO4). 1H HR-MAS NMR 
spectra of (h) OEGC and AH-coated IONPs, (i) OEGC-coated IONPs, and (j) oleic-acid-coated 
IONPs at 6 kHz MAS rate. 
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Figure 2.9. Combined XPS (a) C 1s and (b) N 1s spectra of IONP@OEGC with AH and 
IONP@OEGC. Deconvolutions of (c, e) C 1s XPS spectra and (d, f) N 1s XPS spectra of 
IONP@OEGC/AH and IONP@OEGC. 
 
  
50 
 
 On the other hand, oleic acid (1.2~1.4 ppm) remained on IONPs in the case of OEGC-only 
coating (blue box). The results indicate that the affinity of OEGC is not enough to replace oleic acid 
on the IONP surfaces under these experimental conditions and that desorption of OEGC by surface 
catalyzed oxidation is also possible.10 
Proton signals from 6.53 to 6.66 ppm in area (III) indicate the aromatic structure of OEGC and 
were detected in the spectra shown in Figure 2.8f, 2.8g, 2.8h, and 2.8i. When Michael addition was 
induced, new signals at 5.3~5.7 ppm, near 6.29 and 6.84 ppm, and at 6.53~6.66 ppm developed, as 
shown in Figure 2.8g. These newly developed peaks suggested a change in the substitution pattern of 
the aromatic part of OEGC. Interestingly, OEGC/AH-coated IONPs showed new signals at 
approximately 5.63 and 5.52 ppm, and similar proton peaks were also detected in the spectrum shown 
in Figure 2.8g (red box). All of above the signals suggested the existence of catechol-amine adducts 
on the surface of IONP@OEGC/AH. 
XPS spectra was analyzed to confirm the chemical environments of the IONP coating layers. As 
shown in Figure 2.9a, the C 1s spectrum of IONP@OEGC/AH has a larger and positive-shifted 
photopeak at approximately 284 eV compared with IONP@OEGC. Similarly, the N 1s spectrum of 
IONP@OEGC/AH also exhibited a larger and positive-shifted signal compared with IONP@OEGC 
(Figure 2.9b). Each C 1s spectrum was deconvoluted, and Figure 2.9c shows the C 1s XPS spectrum 
of OEGC-coated IONPs and the corresponding deconvoluted peaks at 287.6, 286.0,  
284.5, and 284.0 eV. As shown in Figure 2.9e, the C 1s XPS spectrum of IONP@OEGC/AH was 
deconvoluted into 287.5, 285.1, 285.9, 284.5, and 283.9 eV peaks. These peaks represent HN-C=O, 
C-O, C-N, C-C/C-H, and C=C, respectively.55 Since IONP@OEGC/AH and IONP@OEGC have the 
amide group of OEGC in common, a comparison analysis was performed by normalization based on 
the C 1s peak of -NH-C=O (287.5 eV). Interestingly, AH addition during the coating process with 
OEGC gave rise to a C-N signal (285.1 eV), and the content of C-C/C-H bonds increased to 31.2% 
from 27.3% compared with the OEGC-only coating layer because of the alkyl chain of AH. These 
results indicate that AH was included in the nanocoating in the form of OEGC-AH adducts. 
Furthermore, a structural change in the amine group was observed in the N 1s XPS spectra (Figure 
2.9d and 2.9f). The signal of IONP@OEGC/AH (Figure 2.9f) is wider and downshifted compared 
with IONP@OEGC, as shown in Figure 2.9d. The spectrum in Figure 2.9f was deconvoluted to 400.5 
and 399.9 eV, which indicate C-N and HN-C=O, respectively. The newly developed 400.5 eV 
photopeak indicates that a secondary amine was generated in situ during film fabrication since the 
signal at 399.9 eV is attributed to the amide group of OEGC (Figure 2.9d).56 According to the above 
data, it was confirmed that AA participates in the formation of the nanocoating. It seems that the in 
situ generated catechol-amine adduct plays an important role in maximizing the adhesion force by 
direct reaction of amine with catechol during coating. These results from IONPs are well consistent 
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with the data obtained from flat substrates. 
 
2.3.4 Coating mechanism 
The mechanism of AACN was explored by using macromolecules, a catechol-based PEG polymer 
(CP), as a model system. The water-soluble properties of the polymer facilitate the purification of 
excess ligand after the coating reaction through a centrifugal membrane filter. Wide application 
possibilities were also considered due to the high stability and biocompatibility of the PEG group. 
Multidentate polymer-based ligands are more stable than mono-anchor ligands, and therefore PEG-
based polymers  
with multiple anchor groups were synthesized in our previous work (Figure 2.10a).26,57 XPS and FT-
IR were used to analyze AACN on IONPs with CP (Figure 2.11 and Figure 2.12). To investigate the 
role of AA, stability tests with various base additives were carried out to demonstrate that the 
adhesion force was induced by the basicity of AA. Released iron ions and ligand states after AACN 
were analyzed by UV-Vis spectroscopy to demonstrate the interaction of the catechol and IONP 
surfaces.  
IONPs with a size of 12 nm were coated with CP under four different conditions: THF with no 
additives and addition of water, TEA, and AEE to elucidate which is the main factor between strong 
basicity and nucleophilicity of AA for nanocoating (Figure 2.10b). Oleic-acid-capped 12 nm IONPs 
were coated with CP in dry THF and exhibited micrometer sizes by DLS due to the low adhesive 
force of CP (Figure 2.10b). Addition of 5% (v/v%) water during coating increased the colloidal 
stability dramatically compared with the dry THF solution (Figure 2.10b), and a monomodal size 
distribution of 33 nm was observed. Water can act as a weak proton acceptor from the dihydroxyl 
group of catechol, thereby facilitating metal coordination of the deprotonated catechol.58,59 However, 
the coating thickness of 11.5 nm was still large  
compared with the theoretical PEG length of CP (~3 nm).60 The large HD value is caused by IONP-
catalyzed oxidation of catechol. Shultz et al.10 reported dopamine-mediated degradation of IONPs and 
suggested that Fe3+ accelerates the oxidation of dopamine. The lower stability of Fe3+-rich Fe2O3 NPs 
than Fe3O4 supports the idea that the surface state of the substrate significantly influences the quality 
of the coating 
layer because of electron transfer between catechol and iron ions (Figure 2.13).61,62 The oxidation 
potential of catechol and reduction potential of Fe3+ are similar.36 Thus, to minimize the surface-
catalyzed oxidation of catechol, TEA as a stronger base than water was used as an additive because 
the catechol-Fe3+ complex prevents the oxidation of catechol at a high pH.62 In experiments using 
TEA, the HD value was 34 nm, similar to the case of water as an additive (Figure 2.10b). The effect  
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Figure 2.10. (a) Molecular structure of CP. (b) DLS data of CP-coated 12 nm Fe3O4 NPs in dry THF, 
THF+D.W, THF+TEA, and THF+AEE. (c) UV-Vis spectra of CP, oxidized CP, and filtrates of 
IONP@CP and IONP@CP + AEE with a photograph of filtrates after AACN on IONPs. (d) UV-Vis 
spectra for detection of Fe2+ dissolved from IONPs. The absorbance peak near 550 nm indicates that 
Fe2+ ions exist in the solution. 
 
Figure 2.11. XPS N 1s spectra of (a) IONP@CP and (b) IONP@CP with AEE. The peak at 399.5 eV 
in (a) is the N 1s of the amide bond of DMA from CP. In the case of coating with AEE in (b), a new 
peak occurs at 401.2 eV along with the amide bond signal, which means that secondary amines exist 
on the surface of IONPs. 
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of TEA was remarkable in the Fe3+-rich Fe2O3 NPs (Figure 2.13b). Although aggregates of 59 nm 
were observed, HD became small (16 nm) and less agglomeration occurred compared with water as 
an additive for Fe2O3 NPs (Figure 2.13b). Based on this result, basicity is an important factor for 
adhesion to NPs during the coating process. However, a basic environment alone cannot prevent 
cohesion of catechol, and a nonuniform coating layer formed on the NPs. Surprisingly, AEE addition 
yielded compact HD values of 21 and 18 nm and narrow size distributions on both γ-Fe2O3 and Fe3O4 
NPs (Figure 2.10b and Figure 2.13b), respectively. The thicknesses of the shells are 4.5 nm and 3.5 
nm, respectively, and which are close to monolayer coatings. This result is notable because oxidized 
IONPs could not be nanocoated even with nitro-catechol, which is known as a more stable anchor 
than catechol and has been reported to be decomposed by dopamine.10,59 Only AA can produce a 
monolayer through the reduction of oxidized catechol; this is the second role of amine in our coating 
system. This result is contrary to the work of Rapp et al., which showed that separated catechol and 
amine do not have a synergistic effect on adhesion to mica.43 Furthermore, in general, a high pH 
causes detrimental effects to adhesion because of the oxidation of catechol.63 We ascribe our 
conflicting results to the different substrate (iron oxide) and basic pH conditions of our experiment. 
Yu et al. also reported the enhanced adhesion of Mfp-3 to TiO2 surfaces at a high pH due to a 
coordination bonding mode despite the increased oxidation of DOPA.64 
After AACN on IONPs, excess CP ligand was separated using a membrane filter, and the separated 
ligand was characterized by UV/VIS to analyze the state of its oxidation and metal-ion complexes 
(Figure 2.10c). The purple filtrate after AACN on IONPs had different absorbance spectra from CP, 
oxidized CP, and filtrate of the CP-only coating (Figure 2.10c). A prominent point is the new peak at 
343 nm, which has been reported in previous studies of amine-catechol adducts generated by the 
reaction of amine and catechol.65,66 Additionally, a large UV absorbance shoulder was detected at an 
Absmax of 537 nm, indicating that catechol exists in the form of tris catechol and iron ion 
complexes.9,67 This suggests that the basic environment by AA is critical for strong adhesion of 
catechol to IONPs because the tris catechol-iron complex has the highest stability constant among 
metal-ligand chelates (logKs≅40).68 A phenanthroline photometric method for the determination of 
Fe2+ was conducted to prove that oxidation of catechol occurs at the same time as reduction of Fe3+ to 
Fe2+ (Figure 2.10d).62 The phenanthroline solution changes its color to deep red in the presence of Fe2+ 
but does not change with Fe3+. A strong absorbance at ~550 nm developed in the reaction mixture of 
phenanthroline and filtrate after AACN, which was equal to that of a mixture of phenanthroline and 
FeCl2. This demonstrates that Fe2+ dissolved into solution during AACN of IONPs and supports the 
above conclusion that interactions exist between catechol and IONPs. 
The stabilization effect of catechol-amine adducts is also a potential role of amine in the overall 
adhesive performance. To prove this assumption, we conducted DFT simulations of AACN on an iron 
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oxide substrate with TBC and AEE as a model system. 
 
Figure 2.12. FT-IR spectra of as-syn IONPs, CP, IONP@CP, and IONP@CP with AEE. Surfaces of 
IONPs after coating were also analyzed by FT-IR. The 1670 cm-1 peak of the catechol aromatic group 
shifted to 1644 cm-1 due to binding with iron ions after IONP coating. The intensity of the peak did 
not decrease compared with the peak at 1730 cm-1, which is an indicator of amide and ester bonds. 
This means that the catechol group maintained its 1,2-dihydroxy benzene structure and was not in an 
oxidized form. The 948 and 852 cm-1 peaks of CP are derived from the CH out of plane deformation 
peaks of 1,2,4-trisubstituted benzene. After coating with AEE, the peak at 852 cm-1 compared with 
that at 948 cm-1 largely decreased compared with IONP@CP, indicating a change in the substituent 
pattern of the aromatic ring.  
 
Figure 2.13. (a) Photographs of CP-coated 12 nm Fe3O4 and Fe2O3 NPs in THF with water additives. 
Aggregation was detected only in Fe2O3 NP samples. (b) DLS data of CP coated on Fe2O3 NPs in 
THF with water, TEA, and AEE additives. 
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2.3.5 Calculations 
DFT calculations were carried out to elucidate the reaction of quinone and AEE and the adsorption 
tendency of catechol-amine adducts. The primary amine in AEE can be adsorbed on the carbon ring of 
the quinone, which is known to form catechol by reducing quinone.36,69,70 Since catechol is more 
adsorptive than quinone, the reduction of quinone is considered important for surface coating. In order 
to determine the preferred carbon site for AEE adsorption, the primary amine was attached to the C3, 
C5, or C6 carbon site of quinone (Figure 2.14a and Figure 2.1e). It was found that AEE preferred to 
bind on C6 rather than on C3 or C5 since the binding of AEE near the tert-butyl group induced a 
relatively large destabilization of the molecule (Step 2 in Figure 2.15a). After the amine group of AEE 
attached to C3, C5, or C6, a hydrogen atom from the amine group is detached, and moves toward the 
solution side.  Subsequently, O1 or O2 of the quinone was reduced (Figure 2.15b).71 As shown in the 
reaction mechanism graph (see Step 3 in Figure 2.15a), the first oxygen to be reduced was O2 for C3 
and C5 and O1 for C6. Next, the remaining unreduced oxygen in the quinone was reduced after the 
hydrogen on the AEE-bound carbon detached (see inset in Figure 2.15b).72 As both oxygen atoms 
were reduced, the quinone eventually adopted the TBC-AEE form. The stability of the TBC-AEE 
forms decreased in the order of AEE attached to C6, C5, and C3 (see Step 4 in Figure 2.15a). Finally, 
the C6-O1 reaction path, with the lowest energy barrier (Step 2) and most stable energy (Step 4), was 
found to be the most favorable. Based on this reaction procedure, it is expected that quinone could 
regain its reactivity to Fe3O4 by adopting the catechol form.  
The adsorption tendency of TBC on iron oxide was also investigated to compare the adsorption 
energy of the TBC-AEE(Cx) adduct on iron oxide. To be as thorough as possible, we considered both 
octahedral and tetrahedral iron sites. Additionally, two adsorption modes that were estimated to be the 
most probable were studied: TBC (or TBC-AEE) in bidentate chelating mode with tetrahedral Fe3+ 
and TBC (or TBC-AEE) in bidentate bridging mode with octahedral Fe2+ and Fe3+ (Figure 2.14a and 
Figure 2.16). As shown in Figure 2.14b, the average adsorption affinity of TBC-AEE(Cx) was greater 
than that of the TBC molecule alone, and TBC-AEE(C6) showed the strongest adsorption. It was 
noteworthy that the TBC-AEE(C6) was most likely to form in the reaction of AEE and quinone 
(Figure 2.15a). We found that the attachment of AEE on TBC always improved the adsorption, except 
for TBC-AEE(C3) on tetrahedral Fe3+, where the surface was strongly destabilized by the adsorbate 
molecule. This was demonstrated by its high relative surface slab energy (∆𝐸Surf, see Calculation 
details for the definition) of +2.24 eV compared with those of other systems, which were in the range 
of −1.01 ~ +1.3 eV. Considering that the occurrence of TBC-AEE(C3) on tetrahedral Fe3+ is the least 
probable (i.e., one out of nine cases), AEE can be treated as an adsorption promoter for the TBC 
coating of Fe3O4 because of its desirable roles in reducing quinone and improving adsorption affinity. 
From the DFT calculations, we confirmed the enhanced stabilization effect by in situ formed catechol- 
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Figure 2.14. (a) Adsorption forms of TBC and TBC-AEE on a tetrahedral Fe3+ site in bidentate 
chelating mode (left) and on octahedral Fe2+ and Fe3+ sites in bidentate bridging mode (right), where 
only the top of surface layer is shown. The insets indicate each adsorption mode, and subscripts (t) 
and (o) indicate tetrahedral Fe3+ and octahedral Fe2+ and Fe3+ TBC adsorption sites, respectively. (b) 
Adsorption energies of TBC and TBC-AEE on Fe3O4 (001) surface. The terms ‘C3,’ ‘C5,’ and ‘C6’ 
denote TBC-AEE(Cx) molecules on the Fe3O4 (001) surface where the AEE molecule is bound at C3, 
C5, and C6 sites, respectively. The colored dashed lines in the graph indicate average adsorption 
energies of TBC and TBC-AEE(Cx) molecules. 
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amine adducts. The charge transfer between iron and catechol was also studied by DFT calculations. 
When a catechol-amine adduct was bound to the iron ion, the iron was supplied an additional electron 
compared with TBC (Table 1). This result suggests that the catechol-amine adduct provides stable 
bonding with iron ions by the electron donating effects of the amine substituent to iron ions. The 
transfer of additional electrons between catechol-amine adducts and iron ions is limited by the 
changed redox potential of the catechol-amine adduct. Furthermore, partially reduced Fe3+ cannot 
easily obtain an additional electron from catechol.73 
As a result of investigating AACN versus basicity, substrate control, and DFT calculations, three roles 
of AA can be summarized following Scheme 2. The first role of AA is an increase in the basicity of 
the solution, which facilitates the coordination of catechol to the metal oxide surface. The second role 
is a suppression of cohesion and recovery of adhesion of catechol by the reduction of oxidized 
catechol. Catechol on the surface is oxidized and reacts with AA through an addition reaction, which 
prevents detachment of ligands from the surface and polymerization of the coating layer. After 
generation of a catechol-amine adduct, the amine substituent supplies electrons to the aromatic ring 
and substrates and enhances the binding affinity of the chemicals to substrates. Additionally, this 
phenomenon is speculated to endow catechol with resistance to oxidation by changing the redox 
potential between it and iron ions. Additional steric hindrance from the amine substituent protects 
binding sites from access by attacking molecules. 
We propose an AACN mechanism according to the data presented above. Initially, catechol binds 
strongly to both Fe2+ and Fe3+ on the surface due to high pH conditions. Electron transfer from 
catechol to Fe3+ occurs, and Fe3+ is simultaneously reduced to Fe2+. The generated semiquinone moves 
to an adjacent iron ion, and the reduced Fe2+ is eluted from the surface to the solution. When there are 
no additives, the oxidation of catechol occurs sequentially, and finally catechol detaches from the 
surface in the form of a quinone (Figure 2.17a).10 With AA addition, the semiquinone is recovered 
through Michael addition of AA (Figure 2.17b, i). The additional oxidation of semiquinone is 
prevented and it instead binds with an Fe3+ ion. A different route can also be suggested. The quinone 
recovers its adhesion affinity by the formation of a catechol-amine adduct and binds again to an iron 
ion (Figure 2.17b, ii). In a multidentate catechol-based polymer, some catechol anchor binds well with 
the surface, and the others can be fully oxidized. The oxidized catechol can remain near the surface 
and have enough time to react with AA. 
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Figure 2.15. (a) Relative energy profiles referenced to the total energy of Step 1. Step 1 to Step 4 
indicate the reaction process for the reduction of quinone to TBC with the aid of AEE. Note that Cx-
Oy (i.e., x = 3, 5, 6, y = 1, 2) indicates the reaction path where AEE is bound on the Cx site and Oy is 
preferentially reduced. (b) Schematic representation of the reaction procedure. O1 and O2 represent 
the preferentially reduced oxygen sites in the reaction. Inset shows the detailed reduction procedure of 
oxygen atoms in the case of C6-O1. 
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Figure 2.16. Adsorbed forms of TBC and TBC-AEE on (a, c, e, g) a tetrahedral Fe3+ site in bidentate 
chelating mode and on (b, d, f, h) octahedral Fe2+ and Fe3+ sites in bidentate bridging mode. ‘C3,’ ‘C5,’ 
and ‘C6’ denote TBC-AEE molecules on the Fe3O4 (001) surface where the AEE molecule is bound at 
the C3, C5, and C6 site, respectively. Subscripts (t) and (o) indicate tetrahedral Fe3+ and octahedral 
Fe2+ and Fe3+ adsorption sites for TBC, respectively. 
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Table 1. Charge transfer from catechol derivatives to iron ions. 
Charge transfer [e] - Oct Fe2+ Oct Fe3+ Tet Fe3+ 
TBC - 0.110 0.140 0.260 
TBC-AEE 
C3 0.110 0.000 0.000 
C5 -0.120 -0.310 0.050 
C6 -0.020 -0.040 -0.140 
 
 
 
 
 
Scheme 2.2. Proposed three roles of AA during overall coating process. 
  
61 
 
 
Figure 2.17. (a) Proposed mechanism for the formation of a catechol coating with no AA. Catechol 
loses its adhesion properties due to oxidation. Catechol-Fe3+ coordination on the substrate and 
electron transfer between catechol and Fe3 (left) occur, but the catechol-Fe2+ coordination maintains 
its bonding. The reduced Fe2+ ion elutes from the surface to the solution, and the oxidized catechol 
moves to the nearby iron ion (middle). Additional oxidation of the semiquinone causes detachment of 
the ligand in quinone form (right). (b) Proposed mechanisms for the formation of AANC. In the 
presence of AA, (i) the semiquinone can be recovered to a catechol-amine adduct by Michael addition 
of AA, and (ii) quinone can be recovered to a catechol-amine adduct. 
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2.4 Conclusion 
 
We introduced an amine-mediated redox-controlled catechol-based nanocoating method. An 
extremely uniform (RMS < 0.358 ± 0.09 nm) and ultrathin (1.69 nm) coating was formed on flat 
substrates, and monodisperse layers with compact HD (<22 nm) on IONPs were achieved. The AACN 
method is not limited to certain chemicals but can expand its versatility by using various catecholic 
molecules and amino groups. This method is powerful for controlling the physicochemical properties 
of surfaces and is even applicable to areas of high curvature. Extensive characterization and 
mechanistic analyses were highlighted. The suggested mechanism of AACN, including the three key 
roles of the AA, provides new insight into understanding real mussel adhesion chemistry. The coating 
method can be applied to various nanostructured materials and provides a versatile platform. This 
study will provide inspiration and interesting themes for future studies of mussel adhesion and open a 
new gateway in conformal surface chemistry. 
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Chapter 3. Amine-assisted catechol-based nanocoating on iron oxide 
nanoparticles for high-resolution magnetic resonance angiography 
 
3.1 Introduction 
IONPs have been extensively researched in the past decade as theranostic agent due to their 
superparamagnetism, large surface area, magnetic hyperthermia, and non-toxicity.1-4 In bio-
application, surface engineering of the IONPs is required for use in in vitro and in vivo experiments to 
obtain colloidal stability and stealth functionality in bio-media.5, 6Direct ligand exchange with 
catechol-tethered molecules is one of the established functionalization methods for metal oxide NPs 
since the pioneering research by Bing Xu et al. in 2004.7 However, catechol-based ligands react with 
IONPs following a complex oxidative reaction pathway. Oxidation of catechol on the surface of 
IONPs is caused by a redox potential similar to that between catechol and Fe3+.8 Owing to this 
property, issues such as heterogeneous and large hydrodynamic diameters9, low coating yields10, and 
even etching of IONPs11, 12 have been observed. Although cyclic brushes13, long polyethylene glycol 
(PEG) chain length above 2kDa14, and nitro-catechol derivatives15 can provide catechol-based surface 
modified IONPs, catechol-based nanocoating on highly oxidative IONPs such as ultra-small IONP 
and maghemite (γ-Fe2O3) have still hampered by the presence of high amount of Fe3+.16  
The above mentioned issues have been rarely considered in the literature. Recently, an amine-assisted 
catechol-based nanocoating (AACN) was reported to provide a molecularly smooth monolayer by 
adding amines that mediated redox reaction of catechol. Suppressed detachment and polymerization 
of catechol from IONPs were accomplished using the AACN method. This strategy allows 
reproducible, compact, and uniform conformal coatings on metal oxide NPs.  
Herein, we report our work on AACN applied to 3-nm-sized IONPs coated with a multidentate 
catechol-based PEG brush polymer (MCP). The resultant IONPs exhibited monodisperse 
hydrodynamic diameters, high compactness, and high colloidal stability. In situ-generated catechol-
amine adducts on IONPs during AACN were analyzed by Fourier transform infrared (FT-IR) 
spectroscopy. Non-specific binding properties and non-toxicity were confirmed, and magnetic 
resonance (MR) relaxivity of the IONPs was evaluated. Finally, the obtained IONPs were used as a T1 
magnetic resonance imaging (MRI) contrast agent for in vivo high-resolution angiography. 
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3.2 Experimental section 
 
3.2.1 Materials 
Poly(ethylene glycol) methyl ether acrylate (average Mn = 480) (APEG) and 2-(2-aminoethxy) 
ethanol (AEE) were purchased from Sigma-Aldrich. Dopamine methacrylamide (DMA) and dibenzyl 
trithiocarbonate (DTC) were synthesized, as previously reported.17, 18 Organic solvents were obtained 
from SAMCHUN CHEMICALS. Azobisisobutyronitrile (AIBN) was obtained from Junsei.  
3.2.2 Synthesis of MCP 
DMA (0.6 mmol), APEG (2.4 mmol), DTC (0.15 mmol), and AIBN (0.075 mmol) were mixed in a 10 
ml vial then dissolved in 2 ml of dimethylformamide (DMF). The resulting mixture was transferred to 
an ampule; the ampule was subjected to 3 cycles of freeze-pump-thaw, followed by sealing with a gas 
torch under vacuum, then reacting in an oil bath at 70 °C for 12 h. After the reaction, the crude 
solution was precipitated with diethyl ether and washed three times. 
3.2.3 Synthesis of IONPs  
3 nm-sized IONPs were synthesized using a protocol previously reported in literature.3 Iron oleate (1 
mmol) and oleyl alcohol (6 mmol) were dissolved in 5 g of diphenyl ether. The mixture was heated to 
250 °C at a heating rate of 3.3 °Cmin-1 under an Ar atmosphere and kept at that temperature for 30 
min. The resulting solution was cooled under inert conditions, and the product was collected by 
centrifugation in acetone and ethanol for 3 min at 5000 rpm. 
3.2.4 Surface engineering of IONPs with MCP 
Oleic-acid-capped IONPs (3 mg) in 300 μl of chloroform were mixed with 0.002 mmol of MCP and 
0.2 mmol of AEE. The solution was allowed to react overnight in a glass vial at 60 °C with magnetic 
stirring. The crude solution was precipitated with ethyl ether to remove chloroform, and the pellet was 
dispersed in deionized water (D.W.). The aqueous solution was purified using a centrifugal membrane 
filter (Amicon Ultra-4 50 k) for 4000 rcf. 
3.2.5 Instrumentation and analyses 
The sizes of NPs were measured by transmission electron microscopy (TEM, JEOL, JEM-2100) 
conducted at 200 kV, for which the dispersed samples were placed on a carbon copper grid for 
measurement. The hydrodynamic diameter was studied using a dynamic light scattering (DLS, 
Malvern Instruments, Zetasizer Nano-ZS90) at 25 °C. UV-Vis spectra were measured on a UV-Vis 
spectroscopy (Shimadzu, UV-1800) with a quartz cuvette. FT-IR spectra were measured by a FT-IR 
spectroscopy (Varian, 670/620). The molecular weight of the resultant polymers was measured using a 
gel permeation chromatography (GPC, Agilent, 1200S system) at 25 °C. All samples before 
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measurement were filtered using a 0.2 m PTFE syringe filter. Tetrahydrofuran was used as an eluent, 
and polystyrene standards were used for calibration. 
3.2.6 Serum binding test 
MCP-coated 3 nm IONPs (20 mM Fe) were incubated in 100% FBS at 37 oC for 30 min. Fast protein 
liquid chromatography (FPLC, GE Healthcare Life Sciences, AKTA pure) with a Superose 6 10/300 
GL column was performed for analysis.  
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3.3 Result and discussion 
 
Reversible addition-fragmentation chain-transfer (RAFT) polymerization method was chosen for 
the preparation of MCP (Figure 3.1a).19, 20 This synthetic approach gives a synergistic effect for 
controlling the physical properties of IONPs with AACN, because of its uniform polymer length and 
controllable functional groups. In addition, RAFT polymerization is attractive owing to its functional 
versatility due to the existence of a vast library of vinyl monomers. We have synthesized various 
molecular weight controlled polymers and degree of polymer (DP) obtained by GPC gave a 
proportional relationship to [Monomer]:[RAFT] ratio with a narrow polydispersity index (PDI) about 
1.3 (Figure 3.2). For example, in case of polymer with DP 20, the product was obtained with high 
conversion yield over than 95% with molecular weight of 8200 and narrow PDI with 1.19. Figure 
3.1b shows the AACN on IONPs with MCP and amine additives (AA), using AEE as the amine. The 
scheme includes the reduction process of oxidized catechol by AA. The recovered catechol-amine 
adduct binds strongly on the surface of IONPs. In figure 3.1c, a detailed mechanistic description of 
the catecholic nanocoating with and without AA is shown. First, the coordination bond between 
catechol and the iron ion is facilitated in basic conditions by AA21. Catechol is oxidized due to a 
similar redox potential between catechol and Fe3+ (~0.75 V).22 In the presence of AA, the 
semiquinones react with the nucleophilic AA, and the catechol-amine adduct is formed. The affinity 
of catechol can be recovered through the reaction and the generated adduct additionally stabilizes the 
coordination bond. However, consecutive electron transfers between catechol and the iron ions occur 
in the case of no AA, and the resultant quinones are detached from the IONPs. Oxidative 
polymerization was also possible from the resultant quinone, and aggregation of IONPs was caused 
by the loss of affinity and crosslinking of catechol.   
Surface engineering a 3 nm-sized oleic acid-capped IONPs with MCP in the presence of AA is 
shown in Figure 3.3. The photograph was taken after MCP coating on 3 nm-sized IONPs with 
(IONP@MCP/AEE) and without AA (IONP@MCP). The IONPs were dispersed in D.W. after AACN 
with MCP. A significant precipitant occurred in the case of the MCP. A coating without AA is seen 
(Figure 3.3a). Dynamic light scattering (DLS) measurements show that the IONP@MCP/AEE has a 
monomodal and narrow size distribution in D.W. with a hydrodynamic diameter (HD) of 10.1 nm 
(Figure 3.3b). DLS of IONP@MCP shows a heterogeneous size distribution and signs of severe 
agglomeration (98.4 nm, 63%, and 370 nm, 37%). The TEM data for IONP@MCP/AEE and 
IONP@Oleic acid show an average particle size of 3.4 ± 0.40 nm and 3.2 ± 0.47 nm, respectively 
(Figure 3.4). The morphology of the IONPs is maintained and no evidence of etching is observed. 
From the DLS and TEM data, we concluded that the AACN with the polymeric ligand could be  
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Figure 3.1. (a) Synthesis of MCP by RAFT polymerization, (b) Schematic illustration of AACN 
procedure with MCP and AEE on IONPs, and (c) a detailed mechanistic description of catecholic 
nanocoating with and without AA. 
 
 
Figure 3.2. (a) Tunable DP of MCP as a function of [Monomer] to [RAFT] ratio, (b) GPC traces of 
MCP at different [Monomer] to [RAFT] ratios in synthetic procedures. 
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adjusted on ultrasmall IONPs containing high amount of Fe3+.  
The colloidal stability and nonspecific affinity were evaluated to study the potential for use in vivo 
application (Figure 3.5). The IONP@MCP/AEE is stable over a wide pH range (5-11) and in NaCl 
concentrations up to 2 M for at least one month (Figure 3.5a). The image shown in Figure 3.5c also 
exhibits high colloidal stability over the physiological pH range and in NaCl concentrations up to 2 M 
for 30 days. Nanocoated 8.5 nm and 12 nm-sized IONPs were also evaluated and showed similar 
stability for 3 nm IONP@MCP@AEE (Figure 3.6). The serum binding test for nanocoated IONPs 
was performed to elucidate its nonspecific affinity in protein, including in solutions such as fetal 
bovine serum (FBS), which is a widely used serum for cell experiments.23 Size exclusion 
chromatography was used to investigate protein adsorption on NPs by comparing the change in size.24 
The IONP@MCP/AEE in 1x PBS and IONP@MCP/AEE in FBS solution were incubated at 37 °C 
for 30 min and then analyzed (Figure 3.5b). Interestingly, both IONP in 1x PBS and FBS showed 
nearly same elution time (41 min) and a monodispersed size distribution, meaning 
IONPs@MCP/AEE shows corona-free characteristics. Unstable or non-passivated NPs can interact 
with various proteins and lipids present in serum in vivo, resulting in corona structures.25 The corona 
cause loss of targeting ability and accumulation of NPs by the mononuclear phagocytic system.26,27 
Unpredictable localization and reduced circulation time of NPs in vivo was adversely affected by the 
MR imaging process. Completely suppressed nonspecific interaction of NPs with biomedia could be 
achieved via amine-assisted MCP coating, which contains PEG molecules of a relatively short length 
(n ~9) compared to commonly available longer PEG molecules (n >50). Dense coating and strong 
binding affinity of the catechol-amine adduct to IONPs are reasons for the results reported herein.13 
Moreover, in vitro cell viability and cytotoxicity tests were performed using HeLa cells to prove the 
non-toxicity of IONP@MCP/AEE.  
FT-IR studies were conducted on IONP@Oleic acid, MCP, IONP@MCP, and IONP@MCP/AEE to 
investigate the molecular structure of the surface. The full FT-IR spectra are described in Figure 3a. 
These spectra were analyzed by separating them into three regions, (I), (II), and (III). (I) is the 750–
1000 cm-1 range. This region is optimal for the analysis of the aromatic groups in catechol (Figure 
3b). The vibration at 850 cm-1 for MCP is reduced after AACN on IONPs. This result indicates that a 
substituent change in the aromatic group occurred when AEE was used during the MCP coating 
process.28 The vibration band at 800 cm-1 is from the Fe-OH bond in the IONPs.29 In region (II), MCP 
exhibited a catechol band (1450 cm-1). A clear peak split (1453 cm-1 and 1473 cm-1) of the band was 
observed in only IONP@MCP/AEE (Figure 3c). The splitting is evidence of metal binding, as 
reported in the literature.30, 31 (III) shows an enlargement of the area between 1550 and 1800 cm-1 
indicating the C=C vibration of the benzene ring (Figure 3d). The signal was dramatically reduced for 
IONP@MCP compared with MCP and IONP@MCP/AEE. The data demonstrate that oxidation and 
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oxidative polymerization with molecules in the vicinity of catechol occurs after coating without AA. 
r1 and r2 relaxivities were recorded on a 1.4 T magnet NMR minispec and 3T MR scanner to 
confirm the potential of the nanocoated IONP to have an MR contrast agent. Tables 1 and 2 
summarize the relaxometric properties of various sized IONP@MCP/AEE. In particular, the r1 value 
for 3-nm-sized IONPs was 3.42 mM-1s-1, comparable to that of the 3-nm-sized IONPs reported in 
other papers.3, 23 A low r2/r1 value is necessary for a satisfactory T1-weighted MR image, and the r2 
value for 3-nm-sized IONPs is the lowest among the studied IONPs, demonstrating that 3 nm 
IONP@MCP/AEE can be used as an efficient T1 contrast agent.3  
We used the amine-assisted MCP nanocoated 3 nm-sized IONP as an MR angiography contrast agent. 
The blood vessel imaging can provide important information related to diseases such as renal failure, 
thrombosis, tumor angiogenesis, and myocardial infarction. However, conventional imaging agents, 
like DOTAREM, are not adequately sensitive, because of their low circulation time in vivo. The blood 
pool MR image was recorded using a 3T MRI instrument, and the IONPs (2.5 mg Fekg-1) were 
intravenously injected into a rat through the tail. High contrast in whole blood vessels was observed as 
soon as the IONPs were injected (Figure 3.8). IONP-enhanced MR images were tracked for up to 82 
min with a dynamic time-resolved MR sequence. The aorta, axillary vein, jugular vein, carotid artery, 
and cerebral veins were detected as a two-dimensional MIP image due to signal enhancement of 
IONPs. In addition, the MR enhancement signal was maintained over 80 min, indicating the 
IONP@MCP/AEE is beneficial for achieving steady-state imaging. 
 
 
Figure 3.3. (a) Photograph of IONPs before (left), after MCP coating with AEE (middle), and without 
AA (right). (b) DLS data of IONP@MCP/AEE and IONP@MCP. 
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Figure 3.4. TEM image of (a) oleic acid-capped 3 nm-sized IONPs, and (b) MCP coated 3 nm sized 
IONPs by assistance of AEE.  
 
 
Figure 3.5. (a) HD of IONP@MCP/AEE in various pH and salt concentration over time.  (b) Serum 
binding test through size exclusion chromatography. (c) Stability evaluation of IONP@MCP/AEE in 
various pH buffers and salt concentration.  
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Figure 3.6. Stability measurement of MCP nanocoated (a) 8 nm and (b) 12 nm-sized IONPs by DLS 
in the wide range of pH and salt concentration.   
 
 
 
Figure 3.7. Structural analysis of nanocoating layer on IONPs by FT-IR. FT-IR spectra of (a) 
IONP@Oleic acid, MCP, IONP@MCP, and IONP@MCP/AEE. Enlarged version of yellow boxes (b) 
region I, (c) region II, and (d) region III. 
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Figure 3.8. MR in vivo angiograohy with dynamic time-resolved MR sequence (a) before injection of 
IONPs, (b) after injection of IONPs, and (c) 1 hour after injection of IONPs. 
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3.4 Conclsuion 
 
We reported the MCP coated IONPs by AACN method. The resultant product exhibited monodisperse, 
compact, and stable colloidal nanocrystals in aqueous solution. Oxidized catechols recover their 
affinity and uncontrolled cohesion is suppressed by addition reaction with primary amine additives.  
The simple coating strategy via separated amine shows that the catecholic ligand can efficiently 
passivate highly oxidized 3 nm-sized IONPs by modulation of catechol redox chemistry. We prove 
that the corona-free properties in biomedia, and high stability in wide range of pH and salt of the 
nanocoated IONPs promise the high resolution MR angiography in vivo. 
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Chapter 4. Facile synthesis and direct characterization of surface-charge-
controlled magnetic iron oxide nanoparticles and their role in gene 
transfection in human leukemic T cell 
 
4.1 Introduction 
 
An important consideration for the practical biomedical application of nanoparticles (NPs) is the 
processes involved in their surface modification.1-8 Indeed, many studies have concluded that the 
surface characteristics of NPs affect their interactions with biological systems, including proteins and 
cells.9-12 For this reason alone, applying NPs to areas of biotechnology, including in vitro diagnosis 
and in vivo therapy, would necessitate designing and modifying their surfaces according to their 
purposes.13, 14 However, other concerns also provide justification. Since the surface functionality of 
the NPs influences their cytotoxicity and cellular uptake efficiency, it is critical to be able to 
accurately predict and control the phenomena that occur at the interface between the NPs and 
biological systems. For example, since a generation of positively charged surfaces with suitable 
charge ratios is necessary in gene transfection for safe and efficient gene delivery, it is essential to 
prepare NPs surfaces that are conjugated with non-toxic and adequately positively charged 
molecules.15-20 NPs with different surface charge states (positive, neutral, and negative) have been 
synthesized and evaluated their interaction with cells, however large (>30 nm), heterogeneous size, 
unstable and lack of characterization of NPs hamper exact evaluation of the NPs.3, 21-24. In addition, 
careful analysis of the modified NPs surface should be carried out to obtain reliable information on 
surface functionality-performance relationships. Purity verification is also needed because, once a 
reaction is complete, the remaining molecules must be removed to avoid unpredictable biological 
behavior when the modified NPs are applied to a living system.  
Despite these important considerations, current characterization methods are limited to checking the 
bulk characteristics of surface-modified NPs rather than analyzing in detail the molecular structures of 
the NPs surfaces.6 There is an urgent need, then, for precise characterization tools that can provide 
chemical information on the functional groups on NPs surfaces without additional labeling.19 Mass-
spectrometry-based imaging can provide direct evidence for the presence of molecules and functional 
groups on NPs surfaces after their modification, and, among the various mass spectrometry methods, 
time-of-flight secondary ion mass spectrometry (ToF-SIMS) has proved to be a sensitive surface 
analytical tool in industrial applications.25 Due to its ability to provide chemical and spatial 
information on both surface functional groups and core NPs, ToF-SIMS analysis is useful for the 
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direct observation of surface functional moieties on NPs, to verify their successful modification and 
purification. FT-IR-spectroscopy-based imaging can be used to corroborate the analytical data 
obtained by ToF-SIMS imaging25, 26 as well as to provide further molecular structural and binding 
information. Recently, Lee et al. reported that the combination of composition and functional group 
analyses by ToF-SIMS and FT-IR imaging on micro-aggregated NPs sampled on a Si wafer was able 
to reveal the spatial distribution and binding schemes of NPs ligand candidates to provide accurate 
surface chemical information of the binding schemes of surface ligands.27 A similar partnering of 
compositional analysis by ToF-SIMS and functional-group analysis by FT-IR may facilitate an 
accurate understanding of NPs surfaces modified with different charge states. Here, we present the 
facile synthesis and precise surface characterization of well-designed and charge-controlled (positive, 
neutral, and negative) iron oxide (Fe3O4) NPs based on the use of ligands bearing a dopamine-
containing block copolymer; a thorough analysis of the ligand molecules; and the interactions of the 
resultant NPs with live cells. ToF-SIMS imaging analysis together with FT-IR spectroscopy imaging 
allowed the molecular identification and spatial distribution for both the NPs and the surface 
conjugate (and unconjugated) ligands, providing direct evidence for the presence and integrity of the 
ligands on the NPs. Using these well-designed and characterized Fe3O4 NPs, we investigated the 
influence of their surface charge properties on their interactions with mammalian cells.               
Furthermore, we demonstrated that an appropriate surface charge modification plays a key role in 
intracellular uptake as well as in efficient gene transfection into suspension type cell, the Jurkat 
human leukemic T cell, which is generally regarded as being very difficult.28 Our study of surface-
charge-controlled NPs for biomedical applications such as efficient gene transfection is summarized 
in Figure 4.1. 
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Figure 4.1. Our strategy for in-depth understanding of interactions between NPs and mammalian cells 
depends on the NP surface charge, brought about by well-designed surface chemistry; and chemical 
information based surface imaging analysis, and the NPs gene transfection efficiency.42 Reproduced in 
part with permission from H.Na, H.H.Kim, and J.G.Son et al., Applied Surface Science, 2019, 483, 
1069-1080, Copyright 2019 ELSEVIER.  
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4.2 Experimental section 
 
4.2.1 Materials  
Iron chloride hexahydrate (FeCl3·6H2O), sodium oleate, oleic acid, 1-octadecene, dopamine 
hydrochloride, sodium bicarbonate, methacrylate anhydride, N-[3-(dimethylamino)propyl]acrylamide, 
2-acrylamido-2-methyl-1-propanesulfonic acid, poly(ethylene glycol) methyl ether acrylate (average 
Mn 480, PEG methyl ether acrylate), AIBN and MgSO4 were purchased from Sigma-aldrich. 
Hydrochloric acid, ethylacetate, N,N-Dimethylformamide (DMF), tetrahydrofuran (THF), ethanol and 
diethylether were obtained from Samchun chemical, Korea. DMA and dibenzyl trithiocarbonate were 
synthesized from the literature.29, 30 
4.2.2 Synthesis of iron oxide nanoparticles  
The iron oxide NPs were synthesized using thermal decomposition of iron oleate precursors in 
organic solvent, as described in the current literature.31 In a typical synthesis, iron oleate (1 mmol) and 
oleic acid (1 mmol) were dissolved in 5 g of 1-octadecene. The mixture was heated to 320 oC at a 
heating rate of 3.3 oC/min in an argon atmosphere. The resulting solution was cooled under inert 
conditions. The product was collected by centrifugation in an acetone and ethanol mixture. 
4.2.3 Multidentate catechol based PEG ligand polymerization. 
The polymer was synthesized via our previous reported method.32 For the reaction, 0.05 mmol of 
DMA and 0.2 mmol of poly(ethylene glycol) methyl ether acrylate were dissolved in 400 µL of dry 
DMF; 0.013 mmol of dibenzyl trithiocarbonate and AIBN were added to the solution. The mixture 
was degassed by 4 freeze-pump-thaw cycles. The mixture was then sealed under vacuum using a 
torch and subsequently immersed in a 70 oC oil bath for 24 h. The final product was twice precipitated 
in diethyl ether and dried under vacuum at 40 oC. For synthesis of tertiary amine and sulfonic acid 
ligands, N-[3-(dimethylamino)propyl] acrylamide and 2-acrylamido-2-methyl-1-propanesulfonic acid 
were used instead of  poly(ethylene glycol) methyl ether acrylate. 
4.2.4 Typical ligand exchange of iron oxide nanoparticles  
The 1 mg of iron oxide NPs dispersed into 100 L of THF was added to a solution consisting of 10 
mg polymer and 200 µL of ethanol, after which the mixture was stirred overnight. The product was 
then precipitated in hexane and dispersed in water. The excess ligands were removed using centrifugal 
filters (Milipore, Mw cut off=50kDa). 
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4.2.5 Instrumentation  
PEG based polymer was measured by GPC (Agilent system) at 25 oC using THF as eluting solvent. 
Molecular weight was calibrated using polystyrene MW standards. The obtained molecular weight 
(Mw) of PEG ligand was 8744 (PDI=1.17) and of Sulfonic acid based polymer was 3887 (PDI=1.32). 
Tertiary amine based polymer was measured by water GPC calibrated with polyethylene glycol MW 
standards. The obtained molecular weight (Mw) of tertiary amine ligand was 8860 (PDI=1.09).The 
morphologies and size analysis of the iron oxide NPs were investigated with transmission electron 
microscopy (TEM, JEOL, JEM-2100) which was operated at 200 kV. The average hydrodynamic si
ze and distribution of the NPs in water were measured using dynamic light scattering (DLS, 
Nano ZS90, Malvern Instruments Ltd. Worcestershire, U.K.). All measurements were conducte
d in disposable cuvette using a 4 mW laser operating at a wavelength of 633 nm at 25℃ an
d the scattering angle was fixed at 90°. The surface charge (zeta potential) of the NPs in water 
were measured using electrophoretic light scattering (ELS, Nano ZS90, Malvern Instruments Ltd. 
Worcestershire, U.K.). All samples were prepared by diluting with deionized (DI) water. The 
operating temperature was kept constant at 25℃. ToF-SIMS spectra were obtained by using a TOF-
SIMS V instrument (ION-TOF GmbH, Germany) with a 25-keV Bi3+ ion gun. The experiments were 
repeated three times but each measurement manifested different micropatterns due to uncontrolled 
self-aggregation of the NPs on the silicon wafer. However, we obtained the same conclusions 
regarding the ligand conjugated Fe3O4 NPs. For ToF-SIMS imaging, the primary ion gun was 
operated at 5 kHz with 0.16 pA (Bi3+) average current at the sample holder. A bunch pulse of 0.7 ns 
duration resulted in mass resolution (M/ΔM) higher than 8000 at 250 m/z. A 200 µm × 200 µm area 
was rastered by primary ions to obtain the spectra while maintaining the primary ion dose of 
1 × 1012 ions/cm2. The mass calibrations were internally performed by using the H+, H2+, CH3+, C2H3+ 
and C3H5+ peaks for the positive ion spectra and H−, C−, CH−, C2H−and C4H− for the negative ion 
spectra. All images presented in this work were taken in the positive and negative modes at 256 × 256 
pixels with a spatial resolution of 1.5 µm. Fourier transform infrared (FT-IR) spectra of the NPs were 
taken with the Thermo Nexus 6700 FT-IR (Thermo-Nicolet, Inc.) equipped with an attenuated total 
reflectance (ATR) accessory (Smart Miracle, PIKE Tech.). A drop of NPs solution was placed on the 
ZnSe-ATR crystal and dried under vaccum (1 x 102 Torr) for 30 min. Mid-IR light was incident at 45° 
relative to the surface normal of the crystal under N2. The reflected light was detected by a liquid N2-
cooled HgCdTe detector. 64 scans were averaged to yield a spectrum at 4 cm1 resolution. FT-IR 
images were obtained with an iN10 MX (Thermo-Nicolet Inc.) equipped with a MCT-A detector 
cooled with liquid nitrogen. A 400 × 400 μm2 area was analyzed by a 25 μm diameter focused IR 
beam at 20 μm steps. 
4.2.6 Cell culture and cytotoxicity assay.  
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MDA MB 231 was cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 4.5 g/L D-
glucose and supplemented with 10% FBS (fetal bovine serum), 100 units/mL penicillin and 100 
μg/mL streptomycin at 37 oC at 5% CO2. To measure cell viability, MDA MB 231 cells were seeded 
at 1x104 cells per well in a 96-well cell culture plate and incubated for 24 h at 37 oC. The cells were 
then incubated with each NP at concentrations ranging from 0 to 300 µg/mL. MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent was used for quantification of the cell 
viability. After a 24 h incubation period with the NPs, the cells were treated with 20 μL of MTT stock 
solution (5 mg/mL). The cells were incubated for 3 h, and DMSO (200 μL) was added into each well 
to dissolve the insoluble formazan salt. The optical densities were measured at 560 nm and 
background absorbance at 670 nm (a reference wavelength) was subtracted using a microplate reader, 
SynergyH1 (Biotek, U.K.). The mean and standard deviation for triplicates were calculated. For the 
cytotoxicity test in Jurkat cells, CCK8 (cell counting kit 8, Dojindo) was used for quantification of 
cell viability. After 24 h incubation with the NPs, the cells were treated with 10 μL of CCK reagent. 
The cells were incubated for 3 h, and optical densities were then measured at 450 nm using a 
microplate reader, SynergyH1 (Biotek, U.K.). The mean and standard deviation for triplicates were 
calculated.  
4.2.7 NOTCH1 knockdown in the Jurkat cell line 
Jurkat cells were cultured in RPMI media supplemented with 10% FBS (fetal bovine serum), 100 
units/mL penicillin and 100 μg/mL streptomycin at 37 oC at 5% CO2. The cells were seeded in a 6-
well cell culture plate at a density of 5 × 105 cells per well, 24 h before transfection. After incubation 
for 24 h, the cells were treated with 50 nM siRNA targeting NOTCH1 complexed with positively 
charged Fe3O4 NP or Lipofectamine 2000TM (Invitrogen, Carlsbad, CA). Following incubation for 48 
h, the cells were collected and the total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s protocols. Real time PCR was performed using a Power SYBR green 
RNA-to-CTTM 1-step kit (Applied Biosytems, California, USA). PCR primers for detection of human 
NOTCH1 (Primer #P320437) and GAPDH (Primer #P267613) were obtained from Bioneer, Inc. 
(Daejeon, Korea). 
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4.3 Result and discussion 
 
To modify the surface of Fe3O4 NPs presenting different surface charges, ligands bearing a 
dopamine-containing block copolymer synthesized through RAFT polymerization were chosen 
(Figure 4.2 and 4.3). Each ligand contained the same polymer backbone and anchoring moiety 
(dopamine) with distinguishable side groups such as tertiary amines for positive (DOPA-Tertiary 
amine), PEG for neutral (DOPA-mPEG), and sulfonic acid for negative surface (DOPA-Sulfonic acid). 
Our ligand exchange approach employed fully synthesized polymers, and had the benefit of allowing 
facile control of the ratio of the anchoring groups to the side groups, which could previously only be 
obtained through the tedious process of post-modification after ligand exchange. Exchanging the 
ligands from oleic acid to a multi-dentate dopamine-based polymer converted the surface properties 
from hydrophobic to hydrophilic, resulting in stable mono-dispersions in aqueous phases, including 
water and buffers with various pH values and salt concentration in Figure 4.4a-c and Figure 4.5. 
Multidentate catechol and hydrophobic methyl group in polymer backbone endow resistance to 
approach of salt and detachment of ligands from surface of NPs. TEM images show that the oleic 
acid-coated and ligand-exchanged Fe3O4 NPs have monodisperse size distributions with an average 
size of 10.2 ± 0.53 nm (Figure 4.4a). DLS show an average hydrodynamic diameter of 22 nm for the 
tertiary amine-conjugated NPs (MNP@DOPA-Tertiary amine), 23 nm for the PEG-conjugated NPs 
(MNP@DOPA-mPEG), and 16 nm for the sulfonic acid-conjugated NPs (MNP@DOPA-Sulfonic 
acid). The Zeta potential values are +37 mV, −11 mV, and −31 mV, respectively (Figure 4.4b). The 
synthesized non-aggregated compact, stable and charge controlled surface of NPs enables to study 
elaborate effect of inorganic NPs in bio-application because of restriction of other variables except to 
charge.  
To perform an in-depth surface- and free-ligand analysis for the charge-controlled Fe3O4 NPs, the 
ToF-SIMS technique was utilized for an examination of the molecular composition of conjugated and 
unconjugated ligands on the NPs because of its high atomic/molecular sensitivity and high spatial 
resolution. Further, ToF-SIMS was able to provide direct evidence for the presence of surface ligands 
on the NPs when the spatial distributions of the NP core ions and surface ligand ions were compared; 
these were measured from the micro-aggregated NPs sample surface. It can be assumed from the 
chemical structure of the ligand in Figure 4.2 that the dopamine region of the ligand is bound to the 
surface of the Fe3O4 NPs and that the other functional groups are exposed to the aqueous 
environment.33 In Figure 4.6a-d, the bright red (R), green (G), and blue (B) areas indicate strong ionic 
distribution. By comparing the image patterns for Fe3O4-related core ions and fragment ions produced 
by the ligand, we can distinguish the ligands bound and unbound to the Fe3O4 NPs. Polymeric ligands  
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 Figure 4.2. RAFT polymerization reaction for synthesis of ligands. For ligands possessing different 
surface charges, the polymer synthesis was designed by using two monomers, one as the common 
anchor (dopamine) and the other as the distinguishable functional group (tertiary amine for positive, 
PEG for neutral, and sulfonic acid for negative surface).42 Reproduced in part with permission from 
H.Na, H.H.Kim, and J.G.Son et al., Applied Surface Science, 2019, 483, 1069-1080, Copyright 2019 
ELSEVIER. 
 
 
Figure 4.3. 1H NMR spectrum of (a) DOPA-Tertiary amine, (b) DOPA-mPEG, and (c) DOPA-
Sulfonic acid measured in MeOD.42 Reproduced in part with permission from H.Na, H.H.Kim, and 
J.G.Son et al., Applied Surface Science, 2019, 483, 1069-1080, Copyright 2019 ELSEVIER. 
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Figure 4.4. Characterization of Fe3O4 NPs. (a) TEM images of Fe3O4 NPs before and after ligand 
exchange with DOPA-Tertiary amine (positive), DOPA-mPEG (neutral), and DOPA-Sulfonic acid 
(negative). (b) DLS and zeta-potential of Fe3O4 NPs with different surface ligands (positive, neutral, 
and negative) (c) Images of ligand exchanged MNPs dispersed in various aqueous solutions. Results 
showed that surface modified Fe3O4 NPs were stable in various pH values and 1 M NaCl solution.42 
Reproduced in part with permission from H.Na, H.H.Kim, and J.G.Son et al., Applied Surface Science, 
2019, 483, 1069-1080, Copyright 2019 ELSEVIER. 
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Figure 4.5. (A) DLS analysis to observe the stability of ligand exchanged MNPs in 1X PBS, DI water, 
buffer at pH ranging from 5 to 11 and in 1 M NaCl solution.42 Reproduced in part with permission 
from H.Na, H.H.Kim, and J.G.Son et al., Applied Surface Science, 2019, 483, 1069-1080, Copyright 
2019 ELSEVIER. 
 
were used to not only reduce toxicity but also to control the surface charge state. In this work, 
DOPA-Tertiary amine, DOPA-mPEG, and DOPA-Sulfonic acid ligands were used to make positive, 
neutral, and negative Fe3O4 NPs, respectively. In the ToF-SIMS measurements, positive characteristic 
ion signals were generated from the tertiary amine and the PEG ligands, whereas negative 
characteristic ion signals were generated from the sulfonic acid ligands, as shown in Figure 4.7. 
Because the synthesized ligands have comparatively large molecular weights, they were barely 
detected as intact molecules in the ToF-SIMS spectra so that each polymer was characterized by their 
characteristic fragment ions. Characteristic fragment ions for each polymer and oleic acid ligand are 
listed in Figure 4.6e; their spectra are shown in Figure 4.7. The Fe3O4 NPs were analyzed at the same 
sample region in the positive and negative ion modes. Fe+ and FeO2 (m/z 55.93 and 87.92) were 
observed for each NP type, and their spatial distributions correlated well in the ToF-SIMS images 
(Figure 4.6).  
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In Figure 4.6a, the C18H33O2 (m/z 281.23) was detected as a characteristic peak of oleic acid 
ligands for the oleic-acid-coated Fe3O4 NPs and its spatial distribution was not precisely co-localized 
with the spatial distributions of Fe3O4-related core ions (Figure 4.6a), indicating that oleic acid exists 
not only on the surface of the Fe3O4 NPs but also in the solution as free ligands owing to incomplete 
ligand removal during the washing process. In the positively charged MNP@DOPA-Tertiary amine, 
the spatial distribution of the fragment ion of the tertiary amine (C6H13N2O+, m/z 129.10) also showed 
good correlation with those of the Fe3O4-related core ions (Fe+ and FeO2) (Figure 4.6b) due to the 
successful conjugation of the DOPA-Tertiary amine ligands and removal of the unconjugated ligands. 
In the neutral MNP@DOPA-mPEG, the spatial distribution of the PEG fragment ion (C5H11O2+, m/z 
103.07) and those of the Fe3O4-related core ions (Fe+ and FeO2) correlated well, indicating that the 
neutral DOPA-mPEG ligand was bound to the Fe3O4 NPs surface (Figure 4.6c). Likewise, in the 
MNP@DOPA-Sulfonic acid, the spatial distribution of the sulfonic acid fragment ion (C7H12NO4S, 
m/z 206.04) correlated well with those of the Fe+ and FeO2 ions 
(Figure 4.6d). However, when the Fe3O4 NPs were ligand exchanged by using the PEG polymer with 
no dopamine anchoring groups, the PEG-related ion distribution (C5H11O2+, m/z 103.07) was almost 
the reverse of the Fe+ distribution (Figure 4.8).  
 
 
Figure 4.6. (a) Oleic acid coated Fe3O4 NPs, (b) MNP@DOPA-Tertiary amine, (c) MNP@DOPA-
mPEG, (d) MNP@DOPA-Sulfonic acid. Images show the distribution of selected ligands in micro-
size pattern of Fe3O4 NPs. (mc = maximum counts in one pixel, scale bar = 50 μm). (e) Table of 
molecular weights, fragment ions and assigned ligands of ToF-SIMS secondary positive and negative 
ions obtained from ligand-conjugated Fe3O4 NPs.42 Reproduced in part with permission from H.Na, 
H.H.Kim, and J.G.Son et al., Applied Surface Science, 2019, 483, 1069-1080, Copyright 2019 
ELSEVIER. 
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Figure 4.7. ToF-SIMS spectra of positive and negative ions related to Fe3O4 NPs and their ligands (a)-
(c). The first layer shows free ligand and second layer represents ligand-conjugated Fe3O4 NPs; (a) 
tertiary amine, (b) PEG, and (c) sulfonic acid. Iron-related ions of Fe3O4 NPs ([Fe]+ and [FeO2]) are 
indicated by blue diamonds and fragment ions of polymer ligands for tertiary amine, PEG, and 
sulfonic acid are indicated by orange diamonds.42 Reproduced in part with permission from H.Na, 
H.H.Kim, and J.G.Son et al., Applied surface science, 2019, 483, 1069-1080, Copyright 2019 
ELSEVIER. 
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This may be clear evidence that the binding affinity of our ligand polymer (DOPA-Tertiary amine, 
DOPA-mPEG, and DOPA-Sulfonic acid) results from the dopamine anchoring groups. Based on these 
ToF-SIMS results, it is highly likely that the surface of the Fe3O4 NPs was modified by the 
synthesized ligands possessing different charges and that the free-ligand polymer remaining after the 
ligand exchange reactions was successfully removed. Since ToF-SIMS images showed good 
correlations between the spatial distributions of Fe3O4-related core ions and those of characteristic 
fragment ions of the charge-determining ligands, we were able identify the Fe3O4 NPs modified with 
different polymers. Next, a complementary study was conducted by using FT-IR microscopy imaging 
together with ToF-SIMS imaging to obtain the spatial distributions of the functional groups in each 
polymer ligand conjugated on each particle. The fabricated NPs surfaces were characterized by 
comparing the characteristic vibrational peak intensities and the Fe+ distributions obtained from the 
same sample region. Initially, FT-IR spectra of tertiary amine, free PEG, and sulfonic acid ligands 
before being introduced to the NPs were obtained and assigned according to their characteristic 
vibrational modes, as summarized in Figure 4.9g. Subsequently, FT-IR spectroscopy measurements 
were conducted on the ligand-conjugated Fe3O4 NPs, and all samples presented similar characteristic 
peaks (Figure 4.10). The FT-IR peak assignments for the free ligands and ligand-coated Fe3O4 NPs 
are shown in Figure 4.9g. For example, the three kinds of polymer ligands have in common the 
dopamine moiety, which has characteristic peaks at around 1649–1645 cm1 (C=O stretching mode, 
ν(C=O)), 1548–1521 cm1 (CNH stretching mode, ν(CNH)), and 1470–1452 cm1 (CH2 bending 
mode, δ(CH2)). The distinguishable functional groups of each polymer present characteristic peaks. 
The asymmetric mode (νas(COC)) of PEG is presented at 1104 cm1; the C-N stretching mode 
(ν(CN)) of the tertiary amine is presented at 1257 cm1; and the asymmetric (νas(SO2)), stretching 
(ν(SO3)), and symmetric (νs(SO3)) modes of the sulfonic acid are presented at 1212, 1182, and 1039 
cm1, respectively (Figure 4.9g and Figure 4.10).  
Since IR spectroscopy is unable to determine the spatial distribution of the candidate ligands, IR 
microscopy was utilized to analyze all of the samples. The characteristic peaks for each polymer were 
reconstructed into FT-IR microscopy images, shown in Figure 4.9a-c, and the regions abundant in 
polymer ligands were identified. The presence of Fe3O4 NPs was verified for the same region that was 
used for the complementary IR analysis, and the distributions of the Fe3O4-related ions were 
determined by using ToF-SIMS image analysis (Figure 4.9d-f). FT-IR images of the surface ligands at 
1103, 1205, and 1184 cm1, which correspond to the COC asymmetric stretching (νas(COC)), C-
N stretching (ν(CN)), and SO3 stretching (ν(SO3)) modes, show that each ligand is bound on the 
surface of the Fe3O4 NPs (Figure 4.9a-c). Furthermore, the signal distribution of the anchoring group 
(ν(C=O)) at around 1649–1625 cm1 and those of the surface ligands (νas(COC), ν(CN), and 
ν(SO3)) in the FT-IR images correlate well (Figure 4.9a-c), indicating that the surface ligands are  
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Figure 4.8. ToF-SIMS images of positive ions from PEG treated Fe3O4 NPs without an anchoring 
group. This image shows the distribution of Fe3O4 NPs- and PEG-related fragment ion in an area with 
micro-sized aggregations patterns. The spatial distribution of the [(OCH2CH2)2CH3]+ ion was not 
overlapped with the Fe+ distribution, indicating that the PEG ligands were not bound to the Fe3O4 NP 
surface.42 Reproduced in part with permission from H.Na, H.H.Kim, and J.G.Son et al., Applied 
Surface Science, 2019, 483, 1069-1080, Copyright 2019 ELSEVIER. 
 
Figure 4.9. FT-IR images of (a) MNP@DOPA-Tertiary amine, (b) MNP@DOPA-mPEG, and (c) 
MNP@DOPA-Sulfonic acid. FT-IR images obtained from related peaks of ligand-conjugated Fe3O4 
NPs for anchoring group (ν(C=O)) and characteristic functional groups ((a) tertiary amine ligand 
(ν(CN)), (b) PEG ligand (νas(COC)), and (c) sulfonic acid ligand (ν(SO3))). ToF-SIMS images 
(d-f) show the [Fe2O]+ ion distributions from the same area that the FT-IR images were measured. 
(scale bar = 100 μm). (g) Assigned functional group of FT-IR vibrational modes of free ligands and 
ligand-conjugated NPs.42 Reproduced in part with permission from H.Na, H.H.Kim, and J.G.Son et al., 
Applied Surface Science, 2019, 483, 1069-1080, Copyright 2019 ELSEVIER.
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Figure 4.10. FT-IR spectra of (a) positively charged Fe3O4 NPs, (b) neutral Fe3O4 NPs, and (c) 
negatively charged Fe3O4 NPs. The first layer shows free polymer ligands and the second layer 
represents (a) tertiary amine, (b) PEG, and (c) sulfonic acid-coated Fe3O4 NPs, respectively.42 
Reproduced in part with permission from H.Na, H.H.Kim, and J.G.Son et al., Applied surface science, 
2019, 483, 1069-1080, Copyright 2019 ELSEVIER. 
 
bound to the Fe3O4 NPs. The spatial distributions of polymer ligands possessing different charge 
states and the Fe3O4-related ion distributions from each Fe3O4 NPs were compared using 
complementary FT-IR microscopy and ToF-SIMS imaging analysis, respectively. A successful surface 
modification was confirmed by the good correlation between the FT-IR signal distributions of the 
ligand-conjugated NPs and ToF-SIMS signal distributions of the Fe3O4-related ions. Using this 
analytical approach, we were able to characterize the surface of the Fe3O4 NPs after ligand exchange. 
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This method can confirm not only the presence of organic molecules on inorganic NPs, but also the 
absence of residual unbound polymer after purification.  
We then performed cytotoxicity tests by incubating the different NPs for 24 h with the MDA MB 
231 cell line to investigate the biocompatibility of our well-characterized Fe3O4 NPs.34-36 It is widely 
accepted that the surface functionality of NPs plays a critical role in cyto-compatibility by affecting 
the interactions with cellular membranes.  
In this regard, our surface-modified and fully characterized NPs is a promising system to elucidate the 
relationship between surface functionality (particularly, surface charge state) and cytotoxicity. As 
shown in Figure 4.11d, these three types of NPs do not exhibit significant cytotoxicity for the 
concentration range (0300 µg/mL) in general use. However, the positively charged Fe3O4 NPs (i.e., 
MNP@DOPA-Tertiary amine) induced slight decreases in cell viability at high concentrations (150 
and 300 µg/mL).  
Surface modification, then, affects the cytotoxicity of the NPs even though the composition of their 
cores is identical to the Fe3O4. In addition, the intracellular Fe levels after incubation of the NPs with 
MDA MB 231 cells at various concentrations followed by extensive washing were quantified using 
ICP-MS analysis in order to investigate the influence of surface functionality on cellular uptake. 
Interestingly, a remarkably high quantity of Fe was detected in the cells treated with MNP@DOPA-
Tertiary amine, indicating that a positive surface promotes sufficient interaction with cells and 
efficient intracellular uptake (Figure 4.11e). Moreover, PEGylated Fe3O4 NPs (i.e., MNP@DOPA-
mPEG) were barely internalized into the cells, indicating negligible interaction with the cell 
membrane, which is in accordance with a previous report.37 This suggests that in biomedical 
applications, surface properties of the NPs need to be taken into account for efficient circulation in the 
blood and cellular uptake. 
For direct visualization of the intracellular uptake properties of each Fe3O4 NP, TEM analysis of 
cells was performed after treatment with NPs at 30 µg/mL. The Bio-TEM images in Figure 4.12 
confirm the markedly different cellular uptake efficiencies. They also confirm that the high 
concentration of Fe for the MNP@DOPA-Tertiary amine as revealed by ICP-MS analysis is due to 
intracellular uptake rather than binding to the cellular membrane. Thus, surface functionality is an 
important factor for cell-NP interactions, and surfaces should be designed according to their 
applications.  
Based on their remarkable cellular uptake efficiency in MDA MB 231, the cellular interaction of 
positively charged Fe3O4 NPs with suspension-type cells was also investigated. In our ICP-MS 
analysis, a high quantity of Fe was found in suspension Jurkat human leukemic T cells, whose 
transfection is known to be difficult, after treatment with positively charged Fe3O4 NPs.38 (Figure 4.13) 
Furthermore, TEM images show the intracellular existence of Fe3O4 NPs in Jurkat cells. The red areas  
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Figure 4.11. MR imaging and intracellular behavior of surface modified NPs. (a) T2 weighted MR 
image of MNP@DOPA-Tertiary amine at various concentrations of iron. (b) T2 weighted MR image 
of MNP@DOPA-Tertiary amine treated Jurkat cells (c) Relaxivity of MNP@DOPA-Tertiary amine. 
(d) Cytotoxicity for each particle with different surface functional groups using MTT assay; 
cytotoxicity was investigated for MNP@DOPA-Tertiary amine, MNP@DOPA-mPEG, and 
MNP@DOPA-Sulfonic acid on MDA MB cell line after 24 h incubation. The results showed that 
none of these NPs induced significant toxicity on cells up to 75 µg/mL concentration. Each data point 
represents the mean ± S.D. of the three experiments. (e) Quantification of intracellular Fe 
concentration through ICP-MS after treatment of each particle revealed that MNP@DOPA-Tertiary 
amine was highly efficient for intracellular uptake, unlike MNP@DOPA-mPEG and MNP@DOPA-
Sulfonic acid.42 Reproduced in part with permission from H.Na, H.H.Kim, and J.G.Son et al., Applied 
Surface Science, 2019, 483, 1069-1080, Copyright 2019 ELSEVIER. 
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Figure 4.12. Bio-TEM images of MDA MB 231 cells in the absence (a) and presence of 
MNP@DOPA-Tertiary amine (b), MNP@DOPA-mPEG (c), and MNP@DOPA-Sulfonic acid (d). The 
presence of NPs can be clearly observed inside the cells due to the influence of the surface 
functionality, depending on the degree of cellular uptake.42 Reproduced in part with permission from 
H.Na, H.H.Kim, and J.G.Son et al., Applied Surface Science, 2019, 483, 1069-1080, Copyright 2019 
ELSEVIER. 
 
in Figure 4.14a indicate the Fe3O4 NPs in the interior of the cells. Furthermore, magnetic resonance 
(MR) images of the NP-treated Jurkat cells in Figure 4.14b also point to the efficient intracellular 
uptake of positively charged NPs, as represented by the dark contrast images in a concentration 
dependent manner. These in vitro MR images (Figure 4.14a-b) show that our surface-modified NPs 
show a great deal of potential as efficient contrast agents.  
Based on the efficient cellular uptake capability and their positive surface charges, the feasibility of 
MNP@DOPA-Tertiary amine as a gene transfection agent was examined in the Jurkat cell line. 
NOTCH1 was chosen as a target gene because NOTCH signaling has been extensively studied as a 
therapeutic target owing to its role as an oncogenic trigger in T-cell leukemia.39,40 After formation of 
an NP-siRNA targeting NOTCH1 (siNOTCH1) complex by simple mixing, it was introduced to the 
Jurkat cells. Figure 4.14b shows that MNP@DOPA-Tertiary amine induced a considerable down-
regulation of NOTCH1 mRNA expression with a higher efficiency (75.4%) than that of a 
commercially available transfection agent (49%). Although it is not easy to transfect suspension-type 
cell lines without magnetic assistance,14, 41 our MNP@DOPA-Tertiary amine induced the efficient 
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knockdown of target mRNA without significant toxicity to the NP itself (Figure 4.15) and hence 
showed the importance of surface modification. In short, we have found that a well-designed surface 
can be instrumental in interactions with the biological systems and uptake, whereas the core particle 
plays an important role as an imaging or therapeutic agent based on its shape and composition. 
 
Figure 4.13. Quantification of intracellular Fe concentration through ICP-MS after treatment of each 
particle into the Jurkat cell line.42 Reproduced in part with permission from H.Na, H.H.Kim, and 
J.G.Son et al., Applied Surface Science, 2019, 483, 1069-1080, Copyright 2019 ELSEVIER. 
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Figure 4.14. Biological interactions of suspension type Jurkat cells with positively charged Fe3O4 
NPs. (a) Bio-TEM images of Jurkat cell after treatment with MNP@DOPA-Tertiary amine at 10 
µg/mL concentration. NPs were clearly found inside the cell. (b) Gene knockdown efficiency of 
MNP@DOPA-Tertiary amine for NOTCH1; NP-siRNA targeting NOTCH1 complex induced down 
regulation of target mRNA up to 75% measured by real-time PCR (n = 3). *vs control, P < 0.001. Our 
results showed a more efficient target gene knockdown of MNP@DOPA-Tertiary amine compared to 
commercial transfection agent without magnetic assistance.42 Reproduced in part with permission 
from H.Na, H.H.Kim, and J.G.Son et al., Applied Surface Science, 2019, 483, 1069-1080, Copyright 
2019 ELSEVIER. 
 
Figure 4.15. Cytotoxicity for positively charged Fe3O4 NPs in the Jurkat cell line, performed using 
CCK8 (cell counting kit 8) assay.42 Reproduced in part with permission from H.Na, H.H.Kim, and 
J.G.Son et al., Applied surface science, 2019, 483, 1069-1080, Copyright 2019 ELSEVIER.  
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4.4 Conclusion 
 
A unique modification strategy for surface-modified Fe3O4 NPs and tools for their precise surface 
characterization have been demonstrated. Through ligand exchange on Fe3O4 NPs using a fully 
synthesized polymer, NPs containing different surface charges were successfully obtained. In addition, 
the complementary use of ToF-SIMS imaging and FT-IR microscopy imaging provided direct 
information regarding the modified NPs surface. Based on the well-designed surface modification and 
direct surface characterization of the Fe3O4 NPs, their interaction with live cells depending on their 
surface charge was investigated, and surface charge was found to greatly influence cellular uptake 
efficiency. In the case of positively charged Fe3O4 NPs, large amounts of NPs were internalized in 
both adherent and suspension cell lines. Although transfection in suspension cells is difficult, it was 
efficiently achieved using the Fe3O4 NPs modified with a polymer containing amine moieties, which 
was prepared through RAFT polymerization of anchoring and functional monomers. By thorough 
investigation of the synthesis, characterization, and application of these NPs, it was proved that a 
well-designed surface can play a key role in both their interactions with biological systems and their 
uptake, whereas the core particle is important for its function as an imaging or therapeutic agent based 
on its shape and composition. 
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Chapter 5. Seed-Mediated Synthesis of Ultra-long Copper Nanowires and 
Their Application as Transparent Conducting Electrodes 
 
5.1 Introduction 
One-dimensional (1D) metal nanowires (NWs) have become one of the most appealing novel 
materials because of their unique properties such as catalytic activity, optical distinction, mechanical 
stability, and thermal resistance.1-4 Therefore, tremendous effort has been devoted to the synthesis and 
applications of metal NWs.5 Recently, re-illumination of these materials has been required to 
understand the profound characteristics of metal NWs, including localized surface plasmon resonance 
(LSPR), bandgap tuning, and the quantum confinement effect.6-7  
While metal NWs can be employed for diverse purposes, one of the most lucrative applications is 
NW-based transparent electrodes to overcome the limitations of indium tin oxide (ITO).8-9 NW 
electrodes exhibit the best performance in terms of both price and conductivity among other 
transparent electrodes prepared with carbon nanotubes, graphene, metal thin films, and metal 
nanogrids.10 Among the various metal elements, copper is attractive as an electrode material because 
of its low price, natural abundancy, and high electrical conductivity comparable to that of Ag. It is a 
key necessity that the obtained Cu NWs have both a high aspect ratio and a small diameter for the 
production of transparent electrodes.11 Generally, Cu NWs were synthesized via reduction of a copper 
precursor using hydrazine in aqueous systems but they have a large diameter of particles at the end of 
wires and low dispersibility.12 Recently, synthetic methods of Cu NWs in organic system by using 
Ni(acac)2 catalyst and in liquid crystalline medium via Pt catalyst have been reported. They have a 
high aspect ratio and good dispersibility.13-14 However, expensive cost of catalyst and possibility of 
contamination from existence of a different kind of metal limit to obtain its applications. To make use 
of the price competitiveness of Cu metal, it is imperative to develop a new synthetic pathway wherein 
Cu NWs with high aspect ratios and small diameters can be produced through a scalable batch process, 
without a toxic and expensive catalyst. However, it is still a challenging task to synthesize Cu NWs 
without a strong reducing agent or catalyst, as the reduction of Cu2+ ions to Cu metal is less favorable 
because of its low reduction potential. Furthermore, it is difficult to control the morphology of the 
synthesized Cu nanomaterials because the induction of different growth rates for each facet of a Cu 
nanostructure is formidable. Similarly, the formation of a Cu NW architecture is also difficult. The 
aforementioned drawbacks must be overcome to fabricate Cu NW-based transparent electrodes. 
Therefore, in this work, a new, simple, and cost effective seed-mediated synthetic method for the 
production of Cu NWs using copper nanoparticles (NPs) as an intermediate structure is demonstrated. 
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The use of toxic and expensive chemicals can be avoided during the synthesis. In addition, exclusive 
one-directional growth of NWs from the intermediate structures is achieved. Finally, the performance 
of the obtained Cu NW-based transparent electrodes was investigated. 
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5.2 Experimental section 
 
5.2.1 Materials  
Chemicals for synthesis of Cu NWs, Cu(acac)2 (97%), CuCl2 (≥99.995%), and oleylamine (≥98%) 
were purchased from Sigma-Aldrich and used without further purification. Acetone and hexane were 
purchased from Samchun Chemical (Korea) and used as received. Slide glass 25.4×76.2mm with 1 
mm thickness was used for fabrication of the transparent conductive film.” 
5.2.2 Synthesis of Cu NWs  
The typical synthetic process for Cu NWs consists of two steps; synthesizing seed and growth 
solution injection. In the typical synthesis, stock solution for growth of Cu NWs was prepared by 
reacting 1.83 mmol of CuCl2 and 5 ml of oleylamine at 70 °C. A mixture solution containing 100 mg 
Cu(acac)2 (0.38 mmol) and 10 ml of oleylamine was slowly heated to 230 °C and kept at this 
temperature for 120 min under inert atmosphere, resulting in the synthesis of copper nanoparticles (Cu 
NPs). Then the growth solution was injected rapidly to the Cu NPs solution. The resulting solution 
was kept at 200 °C for 12 h, and cooled under a flow of argon. The Cu NWs was washed with acetone 
and re-dispersed in hexane. The Cu2+ :Cl− ratios were controlled to be 100:0, 50:50, and 0:100 by 
varying the relative feeding compositions of Cu(acac)2 and CuCl2. The Cl−/Cu2+ ratio was calculated 
according to the following equation { (2[CuCl2]) / ([Cu(acac)2]+[CuCl2]) }.  
5.2.3. Fabrication of transparent conductive Cu NWs films  
Transparent conductive films were fabricated by vacuum filtration and transfer onto substrate.14 
Typically, Cu NWs dispersed in hexane with various concentration were treated by sonication for 1 
min, and filtered onto nitrocellulose membrane filter by vacuum filtration method. The Cu NWs 
coated filter membrane was placed on selective area of slide glass and the glass was dried in a vacuum 
oven at 80 oC for 2 h with pressure for increase adhesion between the Cu NWs on membrane filter 
and slide glass. After that, the membrane filter was carefully removed by dissolving with acetone until 
the filter was completely dissolved out. The as-prepared fabricated transparent conducting electrodes 
is not conductive because of separation between NWs and organic surfactant on NWs. Therefore, this 
film was treated at 200 °C for 1 h under inert atmosphere to remove surfactants and increase contact 
between Cu NWs. By controlling the concentration of NWs in hexane, transparent conducting 
electrodes with diverse transmittances and sheet resistances can be fabricated.  
5.2.4 Instrumentation  
The morphology of the samples was investigated with transmission electron microscopy (TEM, JEOL, 
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JEM-2100) operated at 200 kV and scanning electron microscopy (SEM, Hitachi, S-4800). The high 
power X-ray diffactometer (HPXRD) data were obtained with a Rigaku D/MAZX 2500V/PC using 
Cu Kα radiation (λ=1.54180 Å). UV/Vis spectra were taken on a SHIMADZU UV-1800 by using a 
quartz cuvette. In addition, characterization of fabricated transparent electrodes was conducted with 
Rs measurement using a probe station (Keithley 4200-SCS semiconductor parametric analyzer). X-ray 
photoelectron spectroscopy (XPS, Thermo Fisher Scientific, ESCALAB 250XI) spectra data was 
recorded to survey oxidation states of Cu NWs. 
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5.3 Result and discussion 
 
Cu NWs were synthesized by a separation nuclei formation from growth step. Copper(II) chloride in 
oleylamine were injected to copper NPs solution and aged at 200 °C. Figures 5.1a and 5.1b show 
typical SEM images of the resultant Cu NWs with an average diameter of 21.9±3.8 nm, as measured 
from 45 NWs randomly selected from Figure 5.1b and a maximum length of 77.1 μm (Figure 5.2). 
The aspect ratio of the Cu NWs is approximately 3520. It was confirmed that the obtained materials 
are highly flexible metal NWs. The coffee ring effect was observed during sample preparation 
because of the strong Van der Waals forces exerted by oleylamine on the surface of the Cu NWs as 
artifacts.15 HRTEM observation of the microstructure in the Cu NWs supports the fact the presence of 
two types of lattices, with corresponding lattice spacings of 0.208 nm and 0.181 nm (Figure 5.1c). The 
former lattice is associated with the 111 planes of Cu, and the latter is attributed to the 200 planes. In 
addition, the selected area electron diffraction (SAED) patterns consisted of [110] and [111] zone 
diffraction of the face-centered cubic structure (Figure 5.1d). This means that the growth direction of 
the Cu NWs is <110>. The set of diffraction patterns represented a 5-fold twinned structure 
surrounded by (100) facets grown in the <110> direction.16 The XRD pattern in Figure 5.1e shows 
peaks (2θ) at 43.5 °, 50.6 °, 74.3 °, 90.0 °, and 95.2 ° for the (111), (200), (220), (311), and (222) 
planes of fcc Cu (JCPDS #03-1018), respectively. This reveals that the NWs are composed of pure 
copper without any trace of CuO or Cu2O. No peaks for copper oxides or impurities of NWs were 
discernible in the XRD profile. However, the XRD is not proper for detection of trace of oxide 
because of the ultra-thin and amorphous oxide layers. To study of oxidation state of Cu NWs 
extensively, we monitored oxidation of synthesized Cu NWs with X-ray photoelectron spectra (XPS) 
which is powerful technique to detect oxidation state of copper (Figure 5.3).17 Only trace peak of CuO 
was detected in as-synthesized Cu NWs. The schematic model of the synthesized Cu NWs is shown in 
Figure 5.1f. 
In order to synthesize Cu NWs with a high aspect ratio and small diameter, the focus has been on the 
effect of chloride ions, which are known to suppress the growth of the (100) plane in Cu by self-
adsorption. It has been proven that the use of CuCl2 leads to the production of Cu NWs with a 
relatively high aspect ratio when compared to those in the experiments conducted with CuCl.18-19 
Therefore, we selected CuCl2 as a precursor for production of Cu NWs, which would be used for the 
formation of Cu NWs as a growth solution along with oleylamine. As will be described in detail, the 
preparation of copper NPs as seeds was first attempted. Notably, copper NPs were successfully 
fabricated with the Cu(acac)2 precursor only (Figure 5.4a). On the contrary, when CuCl2 was 
employed in oleylamine without Cu(acac)2, it was impossible to obtain any product until the  
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Figure 5.1. SEM images at (a) low and (b) high magnification, (c) HRTEM image, (d) SAED pattern, 
(e) XRD pattern, and (f) schematic model of the synthesized Cu NWs.30 Reproduced in part with 
permission from H.H.Kim, et al., Applied Surface Science, 2017, 422, 731-737, Copyright 2013 
ELSEVIER. 
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Figure 5.2. SEM image of the ultra-long Cu NWs.30 Reproduced in part with permission from 
H.H.Kim, et al., Applied Surface Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER. 
 
 
Figure 5.3. Cu 2p3/2 XPS spectrum of (a) as-synthesized Cu NWs and (b) Cu NWs kept at ambient 
condition for 15 days.30 Reproduced in part with permission from H.H.Kim, et al., Applied Surface 
Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER 
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temperature of solution reached 300 °C; this was because of the strong binding forces between the 
chloride ions and copper (Figure 5.4c).13 The reaction solution remained yellowish transparent 
because of the presence of the metastable CuCl2-oleylamine complex, as is well established.20  
Accordingly, an additional experiment was conducted employing Cu(acac)2 as a copper NP precursor 
and CuCl2 in oleylamine as a growth solution. It could be inferred that Cu(acac)2 not only played the 
role of NP precursor, but also aided in easy decomposition of the CuCl2-oleylamine complexes 
through heating. Hence, it was expected that the decomposed components would act as nuclei for the 
growth of NWs. This strategy worked elegantly, but there was a limitation in that the nucleation and 
growth steps could not be clearly separated. As a consequence, a mixture of nanorods and NPs were 
obtained (Figure 5.4b).  
To address this issue, the synthetic strategy was modified to separate the seed NP formation 
(nucleation) from the growth step. First, copper NPs were synthesized according to the method 
published elsewhere.21 It was assumed that uniform and thin Cu NWs can be successfully prepared if 
the seed NPs could act as nucleation spots. This is considered reasonable because seed-mediated 
anisotropic growth is an accepted method.22 However, this two-step process has been limited to 
special cases.23-24  
 
Figure 5.4. TEM images of products obtained under different chloride ion to copper ion ratios at (a) 
Cl−/Cu2+ = 0, (b) 1, and (c) 2.30 Reproduced in part with permission from H.H.Kim, et al., Applied 
Surface Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER. 
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Thus, the injection of CuCl2 into the pre-existing solution and the presence of seed NPs are 
necessary prerequisites for obtaining Cu NWs. At the same time, a more systematic investigation on 
the effect of the CuCl2 concentration and Cl−/Cu2+ ratio would be quite valuable (Figure 5.4 and 5.5). 
It was essential to control the injected amount of CuCl2 to monitor variations in the average diameter 
of the resulting Cu NWs. As the Cl−/Cu2+ ratio in the injection solution increased, the apparent 
diameter of the Cu NWs decreased (Figure 5.5).  
To examine the growth pathway, the external appearance of the reaction solution was monitored 
(Figure 5.6). A conspicuous color change during synthesis was observed with the naked eye. As soon 
as the copper NPs were synthesized, the solution turned purple black; the TEM image in Figure 5.7a 
shows that the average size is approximately 14.3 nm. After injection of the CuCl2 solution, the 
solution color changed dramatically from purple black to pale brown within a few minutes (Figure 
5.6a and 5.6b). This color change reflected that most of the NPs disappeared and only a small number 
of NPs remained intact in the solution. It is evident from Figure 5.7b that the average size of the NPs 
decreased from 14.3 nm to approximately 3 nm. This appeared to be a remarkable phenomenon that 
should be monitored. Finally, the UV spectra in Figure 5.7d is useful to provide evidence for the 
interesting occurrence depicted in Figure 5.7b. A strong plasmon resonance peak at 570 nm proved the 
presence of seed copper NPs in the solution before the CuCl2 injection (top black line).25 This peak 
diminished abruptly just after the CuCl2 injection, and then, a new broad absorbance peak emerged 
(bottom blue line). This indicated that copper ion-oleylamine complexes were formed.26 At the end of 
the reaction, a new plasmon peak (594 nm) was detected, which was associated with the prepared Cu 
NWs. It is important to understand the origin of the color change from purple black to pale brown 
along with the disappearance of the plasmon peak after injection of the the CuCl2-oleylamine (growth 
solution). The most probable reason was the crumbling of the seed NPs via the following chemical 
reaction between the copper NPs and CuCl2.27  
CuCl2 + Cu NPs → 2CuCl 
CuCl, CuCl2 + Cu seeds → Cu NWs 
Cuprous ions are produced by the reaction between cupric ions and copper metal. Formation of 
smaller seed NPs by this reaction after the injection of CuCl2 is the most crucial point for Cu NW 
formation. That is, the surviving seed NPs could act as nuclei  
for unidirectional Cu NW growth. The high lattice energy of the created Cu nuclei may be an 
effective means to overcome the strong binding energy between copper and chloride ions. It is 
proposed that the surviving nuclei must have twin boundary defects because this structure can 
minimize their surface energy, so the final Cu NWs have a 5-fold twinned structure.28  
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Figure 5.5. SEM images of Cu NWs synthesized with different amount of CuCl2 (a) 0.92, (b) 1.29, 
and (c) 1.83 mmol.30 Reproduced in part with permission from H.H.Kim, et al., Applied Surface 
Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER. 
 
Figure 5.6. Photographs of a reaction vessel (a) before the injection of growth solution, (b) at 5 min, 
and (c) at 12 h after the injection of growth solution.30 Reproduced in part with permission from 
H.H.Kim, et al., Applied Surface Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER. 
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To confirm the reasoning outlined here and to prove the significance of the NP crumbling process, a 
complementary experiment was performed. In this experiment, instead of a blue CuCl2 growth 
solution, a pale yellowish metastable CuCl2-oleylamine compound solution was prepared and added 
to the copper NP intermediate solution. In this case, it was impossible to observe any color change 
after injection (metastable compound solution) step. Large irregularly shaped clusters of copper metal 
were generated (Figure 5.8). This indirectly supported the relevance of the proposed method and the 
importance of the seed forming step. 
Considering all these observations, the growth mechanism is outlined in Figure 5.9. It is noteworthy 
that this mechanism is noticeably different from typical mechanisms, such as the solution-liquid-solid 
(SLS) or solution-solid-solid (SSS) mechanism.29  
Finally, it has been accepted that Cu NWs have excellent electrical and optical properties owing to 
the nanoscale architecture. Thus, transparent electrodes were fabricated with the synthesized Cu NWs. 
Figure 5.10 depicts the transmittance of the Cu NW electrodes as a function of wavelength (UV/Vis) 
and sheet resistance. Sheet resistance was regulated by varying the amount of Cu NWs coated onto a 
glass substrate. The electrodes exhibited reliable transparency over the entire UV/Vis region, with a 
reasonable sheet resistance. In general, the transmittance is inversely proportional to sheet resistance. 
However, the sheet resistance is only 146 ohm/sq at even 87% transmittance. Figure 5.10c shows the 
corresponding SEM image of as-prepared transparent conducting electrodes with transmittances of 72% 
and demonstrate that continuous networks between Cu NWs were successfully created. This high 
performance originates from the inherent advantages of Cu NWs. The percolation threshold became 
significantly lower because of the high aspect ratio of the Cu NWs. 
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Figure 5.7. TEM images of copper nanoparticles obtained (a) before injection, (b) 5 min, (c) 12 h 
after injection of growth solution, and (d) UV/Vis spectra obtained from corresponding solutions.30 
Reproduced in part with permission from H.H.Kim, et al., Applied Surface Science, 2017, 422, 731-
737, Copyright 2013 ELSEVIER. 
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Figure 5.8. SEM image of irregular shaped large clusters of copper metal synthesized by injection of 
metastable CuCl2-Oleylamine.30 Reproduced in part with permission from H.H.Kim, et al., Applied 
Surface Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER. 
 
 
 
Figure 5.9. Proposed growth mechanism of Cu NWs.30 Reproduced in part with permission from 
H.H.Kim, et al., Applied Surface Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER.  
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Figure 5.10. (a) Transmittance spectra of transparent electrodes containing Cu NWs for UV/Vis range 
depending on sheet resistance, (b) Transmittance vs sheet resistance relationship for various electrodes 
having Cu NWs at 500 nm wavelength, and (c) the corresponding SEM image of as-prepared 
transparent conducting electrodes with transmittances of 72%.30 Reproduced in part with permission 
from H.H.Kim, et al., Applied Surface Science, 2017, 422, 731-737, Copyright 2013 ELSEVIER.   
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5.4 Conclusion 
 
In summary, a new synthetic method has been demonstrated for Cu NWs that possess a high aspect 
ratio (~3520) and high crystallinity, without the use of expensive catalyst in a wet batch process.  
Control over subtle interactions between copper and chloride ions by tuning the stoichiometry and 
experimental parameters was the key to obtaining ultra-long Cu NWs. The reaction pathway was 
unique and distinctive as compared with conventional mechanisms, in which the unidirectional 
growth triggered by formation and crumbling of the seed NPs played a critical role. The excellent 
performance and economic feasibility might make Cu NWs a strong candidate for transparent 
conducting electrodes. 
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